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Preface

This report is the first in a set of documenting version 7.0 (version 3245.1090 under the old num-
bering system) of the EQ3/6 software package. This set includes:

I. The EQ3/6 Package Overview and Installation Guide (Wolery, 1992a).
[l. The EQPT User’s Guide (Daveler and Wolery, 1992).

[ll. The EQ3NR Theoretical Manual and User’s Guide (Wolery, 1992b).
IV. The EQ6 Theoretical Manual and User’s Guide (this report).

EQ3NR is the speciation-solubility code in the EQ3/6 package. EQ6 is a reaction path code and
hence deals with the evolution of a water/rock system as reaction progress or time advances.
EQPT is the EQ3/6 data file preprocessor.

The development of EQ3/6 has been supported by a number of programs concerned with geolog-
ic disposal of high level nuclear waste, including the Office of Nuclear Waste Isolation, the Salt
Repository Project Office, the Waste Isolation Pilot Plant (through Sandia National Laboratory),
the Nevada Nuclear Waste Storage Investigations, and the Yucca Mountain Site Characterization
Project. Documentation for the package is aimed at satisfying the requirements of the U.S. Nu-
clear Regulatory Commission for software used for this purpose (Silling, 1983).

The Lawrence Livermore National Laboratory has not certified that EQ3/6 constitutes approved
code for the conduct of quality affecting work for the Yucca Mountain Project.

No source codes or data files are reproduced in this report, nor are any computer media contain-
ing such items a part of this report or any of the other reports documenting this version of EQ3/6.
The software itself must be obtained as described below.

The examples presented in this series of reports correspond to version 7.0 of the software and the
R10 set of supporting thermodynamic data files. As of the date of publication of this report, the
most recent version of the software is version 7.1 (containing bug fixes, but no enhancements),
and the most recent set of data files is R16.

Agencies of the United States Government and their contractors may obtain copies of the soft-
ware and its documentation from:

Energy Science and Technology Software Center
P. O. Box 1020
Oak Ridge, TN 37831-1020

Telephone: (615) 576-2606



Requests to obtain the software under a licensing agreement should be addressed to:

Technology Transfer Initiatives Program, L-795
Attn: Diana (Cookie) West

Lawrence Livermore National Laboratory

P.O. Box 808

Livermore, CA 94550

Telephone: (510) 423-7678
Fax: (510) 422-6416
Secretary: (510) 422-6416

Comments and questions concerning EQ3/6 exclusive of the thermodynamic data base should be
addressed to the code custodian:

Thomas J. Wolery, L-219

Lawrence Livermore National Laboratory
P.O. Box 808

Livermore, CA 94550

E-mail: woleryl@linl.gov
Telephone: (510) 422-5789
Fax: (510) 422-0208
Secretary: (510) 423-2970

Comments and questions which concern the EQ3/6 thermodynamic data base should be ad-
dressed to the data base custodian:

James W. Johnson, L-219

Lawrence Livermore National Laboratory
P.O. Box 808

Livermore, CA 94550

E-mail: johnson@s05.es.lInl.gov
Telephone: (510) 423-7352

Fax: (510) 422-0208

Secretary: (510) 423-2970
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A—, j, scaled

Ah

bj, scale

,

Glossary of Symbols

Thermodynamic activity of thieth agueous solute species.
Thermodynamic activity of water.
Thermodynamic activity of the-th component of th&-th solid solution phase.

Thermodynamic affinity of thgth reaction. The forward direction is implied, which in EQ3/6 is tak-
en to be that in which the associated species is destroyed, for example by dissociation or dissolution.

Thermodynamic affinity of theth reaction (forward direction: dissociation, dissolution).

Thermodynamic affinity of theth reaction (reverse direction: formation, precipitation).

Scaled affinity of thg-th reaction (reverse direction_ . Scaled affinities are

,]J,scaled =
: bj.scale

used to chose which of several supersaturated phases to precipitate first.

Thermodynamic affinity (per electron) of a redox couple with respect to the standard hydrogen elec-
trode;Ah=F Eh.

Stoichiometric reaction coefficient, the number of moles o$itheaqueous species appearing in the
r-th aqueous reaction; it is negative for reactants and positive for products.

Stoichiometric reaction coefficient, the number of moles o$itheaqueous species appearing in the
reaction for the dissolution of thgth pure mineral; it is negative for reactants and positive for
products.

Stoichiometric reaction coefficient, the number of moles o$itheaqueous species appearing in the
reaction for the dissolution of thgeth gas species; it is negative for reactants and positive for
products.

DQ
Affinity scaling factor for thg-th reaction;b; g4 = Z |bgj| -

' =1

DQ
The quantity by, + Z by,

ss=1
SZEW. S

DQ
The quantity Z bse -

s =1
SZEW. S

°q
The quantity Z bsoy -
s'=1
SZW. S
Stoichiometric mass coefficient; e.g,¢is the number of moles of tlzgeth element per mole of the
s-th aqueous species.



dE/dt
dg;/dg
dg/dt
dt/dg

o

o o

[a2]

Eh

The overall reaction rate; also symbolizedvby

Relative rate of thgth irreversible reaction; also symbolized \kf)?'
Actual rate of thg-th irreversible reaction; also symbolized\py
The inverse rate; also symbolized\py;.

An array of derivatives of increasing order.

An element of the matri®.

A matrix used to convert an array of finite differences of increasing order to an equivalent array of
derivatives.

Subscript indexing a chemical element.

Total number of chemical elements in a chemical system.

The electron. In common thermodynamic formalism, this is usually a hypothetical species, not a real
one.

Redox potential, volts.Theoretical equilibrium electrical potential of a redox couple;
Eh = g-'g’:lo-lg-?-]_(Iogf02—4pH —2loga,, —logKg,) , wheref02 is understood to be the hypotheti-
cal equilibrium oxygen fugacity in aqueous solution.
Fugacity of theg-th gas.
Ratio of effective to total surface area of tkté irreversibly reacting mineral.

Oxygen fugacity.

An array of finite differences of increasing order.
The Faraday constant, 23062.3 cal/equiv-volt.

Subscript denoting a gas species.

NgUg g NgCe g o ) .
The factor b or b ; thes" -th aqueous species is associated witkthtegueous re-
s'r s'r

action, and the-th chemical element is associated with ghe -th basis species.

NgZg

b

The factor
s'r

The number of terms appearing in the transition state theory or activity product term net forward rate
law for thej-th irreversible reaction.

The number of terms appearing in the transition state theory or activity product term net reverse rate
law for thej-th irreversible reaction.

lonic strength.
lon activity product; se®.

An element of the Jacobian matri&o(i/azj ).

-Vi-



The Jacobian matrix.

Rate constant for thieth term in the net forward rate law for thth irreversible reaction.
Rate constant for thieth term in the net reverse rate law for tka irreversible reaction.
Thei-th coefficient in the polynomial for describing temperature as a function of reaction progress.

Thermodynamic equilibrium constant.

Thermodynamic equilibrium constant for the half-reaction
2H,0() = O+ aH" +4¢

Equilibrium constant for the reactidd, O = H'+OH
Molal concentration of theth aqueous solute species.
Molal concentration of theth agqueous species.

Number of moles of theth aqueous solute species.
Number of moles of the-th aqueous species.

Number of moles of water.

The number of species whose thermodynamic activities appeariuththerm of the net forward
rate law for thg-th irreversible reaction.

The number of species whose thermodynamic activities appeariithtterm of the net reverse rate
law for thej-th irreversible reaction.

Number of moles of the-th pure mineral.

Number of moles of the-th end member of thg-th solid solution.

Total number of moles of theeth chemical element.

Total number of moles of the& -th (basis) agqueous solute species.

Exponent of the activity of the-th species appearing in théh term of the net forward kinetic rate
law for thej-th irreversible reaction.

Exponent of the activity of the-th species appearing in the¢h term of the net reverse kinetic rate
law for thej-th irreversible reaction.

Final object function of tha-th algorithm for choosing a phase to delete from the equilibrium sys-
tem.

Object function of the-th phase deletion algorithm for th¢h phase in the equilibrium system.
Object function of the first phase deletion algorithm forjttte phase in the equilibrium system.
Oxygen gas; in aqueous solution, this refers to a fictive species; also symbolzed as
Pressure, bars.

The quantity -ég a,,

- Vii -



pe
O+ j
a-jj

I=

=

Logarithm of the hypothetical electron activipe = F E(2.303RT) = Ah/(2.303RT).
Kinetic activity product for thé-th term in the net forward rate law for thth irreversible reaction.
Kinetic activity product for thé-th term in the net reverse rate law for jHh irreversible reaction.

Activity product of a reactionAP is used by many others (e.g., Parkhurst et al., 1980) to denote the
same quantity.

Subscript denoting an aqueous reaction.

Total number of reactions for the dissociation/destruction of dependent agueous species.
The gas constant, 1.98726 cal/niKl-

Subscript denoting an aqueous speciesw impIiesHZO(l)).

Subscript denoting s in the range from 2gpexcludingsg.

Subscript implying the species formally associated with the aqueous reaction desigmated by
r+sp).

Surface area of the mineral destroyed/formed by-thérreversible reaction.
Subscript denoting the fictive redox spedis

The total number of agueous basis species; depending on the problem s f=eqial to or great-
er thansg.

Total number of aqueous species.

Saturation index for a minera = log (Q/K), whereQ andK are the activity product and equilib-
rium constant, respectively, for the dissolution reaction.

Time.
TemperatureSK.
Temperature & = 0 (or t =0 if in kinetic mode).

Stoichiometric mass balance coefficient calculated from reaction coefficients and certain model con-
straints;ugds the stoichiometric factor for computing the contribution ofstiieaqueous species to

the mass balance for tiseth basis species.

Short for the overall reaction ra@@g /dt.

Short for the relative rate of thh irreversible reactiordEj/dE.

Short for the actual rate of theh irreversible reactiordEj /dt.

Short for the inverse rate of the overall reactit/g€.

Subscript denoting water (e.@,, the activity of water).

Vector of increasing partial sums of preceding reaction progress steps.

Array of partial derivatives obgx,, with respectitmgm, , where is a basis species. This deriv-

ative is zero fors  wor sy .
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W Array of partial derivatives ofbgx,, with respectlmyn, ,where is a basis species. This deriv-
ative is zero fors' =g

Xi Mole fraction of thda-th aqueous solute species.

Xy Mole fraction of water in aqueous solution.

Xoy Mole fraction of theo-th end member of thg-th solid solution.

X A general algebraic variable.

Z Electrical charge of theth aqueous species.

z Subscript implying a relation to the concept of charge balanceKg,y.,

z Vector of algebraic master variables.

2.303 Symbol for and approximationIto10.

a Newton-Raphson residual function vector.

a, Residual function for charge balance.

Og Residual function for mass balance of gt basis species.

Oy Residual function for equilibrium with a pure mineral.

Oy Residual function for equilibrium with the-th end member of thg-th solid solution.

B Newton-Raphson residual function vector, identical texcept that mass balance residual elements
are normalized by the corresponding values of total numbers of moles.

Brax The largest absolute value of any elemerfi.of

o) Newton-Raphson correction term vector.

Omax The largest absolute value of any elemerd.of

Sconv Convergence function.

0 Under-relaxation parameter.

AE Increment of reaction progress.

A%, Increment of reaction progress for an individual reaction.

At Increment of time.

A, Calculated charge imbalance.

\ Molal activity coefficient of thé-th aqueous solute species.

13 Overall reaction progress variable.

§; Reaction progress variable for fath irreversible reaction.

K Under-relaxation parameter in Newton-Raphson iteration.

Aoy Rational (mole fraction) activity coefficient of tleeth end member of thg¢-th solid solution.

- X -



Symbols denoting end member components of a solid solution.

Stoichiometric adjustment factor for théh mechanism in a transition state theory net forward rate
law for thej-th irreversible reaction.

Stoichiometric adjustment factor for théh mechanism in a transition state theory net reverse rate
law for thej-th irreversible reaction.

Total number of end members in tipeth solid solution.

(a) Subscript denoting a pure mineral; (b) the osmotic coefficient of the aqueous solution.
Total number of minerals of fixed composition in equilibrium with the aqueous phase.
Subscript denoting a solid solution.

Total number of solid solutions in equilibrium with the aqueous phase.

Water constant; 1000 divided by the molecular weight of water; about 55.51.

Subscript denoting a reaction proceeding in the forward sense; the convention in this report equates
this with dissociation, dissolution, or destruction of the associated species.

Subscript denoting a reaction proceeding in the backward sense; the convention in this report equates
this with association, precipitation, or formation of the associated species.



EQ6, A Computer Program for Reaction Path Modeling of
Aqueous Geochemical Systems: Theoretical Manual,
User’s Guide, and Related Documentation
(Version 7.0)

Abstract

EQ6 is a FORTRAN computer program in the EQ3/6 software package (Wolery, 1979). It cal-
culates reaction paths (chemical evolution) in reacting water-rock and water-rock-waste systems.
Speciation in aqueous solution is an integral part of these calculations. EQ6 computes models of
titration processes (including fluid mixing), irreversible reaction in closed systems, irreversible
reaction in some simple kinds of open systems, and heating or cooling processes, as well as solve
“single-point” thermodynamic equilibrium problems. A reaction path calculation normally in-
volves a sequence of thermodynamic equilibrium calculations. Chemical evolution is driven by

a set of irreversible reactions (i.e., reactions out of equilibrium) and/or changes in temperature
and/or pressure. These irreversible reactions usually represent the dissolution or precipitation of
minerals or other solids. The code computes the appearance and disappearance of phases in sol-
ubility equilibrium with the water. It finds the identities of these phases automatically. The user
may specify which potential phases are allowed to form and which are not. There is an option to
fix the fugacities of specified gas species, simulating contact with a large external reservoir. Rate
laws for irreversible reactions may be either relative rates or actual rates. If any actual rates are
used, the calculation has a time frame. Several forms for actual rate laws are programmed into
the code. EQG6 is presently able to model both mineral dissolution and growth kinetics. The user
can specify modification or substitution of equilibrium constants at run time by using options on
theinput file. The output consists of autput file, atab file (tables of output parameters), and
apickup file, which allows a restart capability. The chief numerical method employed for equi-
librium calculations is a hybrid Newton-Raphson technique. This is supported by a set of algo-
rithms which create and optimize starting values. When actual rate laws are used, EQ6 integrates
them using a finite-difference based ordinary differential equation (ODE) solver. EQ6 reads a
secondary unformatted data fika¢al) that is created from a primary formatted data flbt40)

by EQPT, the EQ3/6 data file preprocessor. There is currently a set of fivelaiaid) (iles.

Three of these may be used with either the Davies equation or the B-dot equation to describe the
activity coefficients, and their use is restricted to modeling dilute solutions. The other two of
these use Pitzer’s equations and are suitable for modeling solutions to high concentrations,
though with fewer chemical components. The temperature range of the thermodynamic data on
the data files varies from 26 only to 0-300C. The companion code EQ3NR must be used to
initialize a a reaction path calculation by EQ6. EQ6 and the other codes in the EQ3/6 package are
written in FORTRAN 77 and have been developed to run under the UNIX operating system on
computers ranging from workstations to supercomputers.

1. Introduction

1.1. EQ6 and the EQ3/6 Package

EQG is areaction path code for water-rock and water-rock-waste systems. It models the chemical
evolution of such systems using thermodynamic and kinetic constraints. The kinds of reaction



path calculations include simple titrations, fluid mixing, irreversible reaction in closed systems,
irreversible reaction in fluid-centered flow-through systems, and systems in which the fugacities
of certain gases are fixed by connection to a large external reservoir (such as the atmosphere).
Reaction paths may also involve heating or cooling. EQ6 also makes “single point” thermody-
namic calculations, in which for example the mineral supersaturations for an aqueous solution
are eliminated by precipitation of an equilibrium suite of precipitated phases.

EQG6 is part of the EQ3/6 software package (see Wolery, 1992a). This report describes EQ6 in
version 7.0 (version 3245.1090 in the old numbering system) of this package (see the EQ3/6
Package Overview and Installation Guide, Wolery, 1992a). Other codes in the package include
EQPT (Daveler and Wolery, 1992), a data file preprocessor, and EQ6 (Wolery and Daveler,
1992), a reaction path code. The relationship of the EQ3NR code to EQ6, EQPT, and the set of
supporting thermodynamic data files is shown in Figure 1. This figure depicts the flow of infor-
mation involving these codes. At present, there are five distinct data files, denoted by the suffixes
com, sup, nea, hmw, andpit. These are provided in formatted ASCII and are calbd0

files.EQPT processes these one at a time (looking for a file named siatpy though these

files are normally stored under names which include the relevant suffixes) and writes a corre-
sponding unformatted data file, which is calkguiply datal. These are also normally stored un-

der names including the relevant suffixes. To run EQ3NR or EQ6, the user must provide one of
these files, which is known to each code simplgatsl

The user must select which of the five data files is most appropriate to a given problem. Each
data file corresponds to a general formalism for treating the activity coefficients of the aqueous
species and contains the relevant activity coefficient data as well as standard state thermodynam-
ic data. The formalisms currently built into EQ3/6 are discussed in Chapter 3 of the EQ3NR The-
oretical Manual and User’s Guide (Wolery, 1992b). ¢bm, sup, andneadata files are specific

to a general extended Debye-Huckel formalism and can be used by EQ3NR and EQ6 with either
the Davies (1962) equation or the B-dot equation (Helgeson, 1969). These equations are only val-
id in relatively dilute solutions. THemw andpit data files are specific to the formalism proposed

by Pitzer (1973, 1975) and can be used to model solutions extending to high concentrations.
However, the scope of chemical components covered is smaller. The temperature limits on the
data files also vary, from 26 only to 0-300C.

Some important data file characteristics are given in Table cdarhéfor “composite”) data file

is the largest of the three data files specific to the extended Debye-Huckel formalism. This is a
product of Lawrence Livermore National Laboratory (LLNL) drawing on many data sources, in-
cluding those on which the other four data files are basedsuheata file is based entirely on
SUPCRT92 (Johnson, Oelkers, and Helgeson, 1992), a data base and program for dealing with
thermodynamic data (see also Helgeson and Kirkham, 1974ab, 1976; Helgeson et al., 1978;
Tanger and Helgeson, 1988; Shock and Helgeson, 1988, 1989, 1990; Shock, Helgeson, and Sver-
jensky, 1989; Johnson and Norton, 1991; and Shock et al., 1992)e@data file is based en-

tirely on Grenthe et al. (1989, draft report), a product of the Data Bank of the Nuclear Energy
Agency of the European Community. This report has recently been published as Grenthe et al.
(1992). Thehmw data file is based on Harvie, Mgller, and Weare (1984) pithéata file is

based mostly on data summarized by Pitzer (1979). was expressly developed for this purpose.
All five data files are maintained at LLNL in a relational data base described by Delany and Lun-



deen (1991). This relational data base is part of the Yucca Mountain Site Characterization

Project’s
N N
DATAO0.COM OUTPUT DATA1.COM
DATAO.SUP DATA1.SUP
DATAO.NEA N DATA1.NEA N
4 ﬁ
DATAO.HMW DATAL.HMW
DATAO.PIT SLIST DATAL.PIT
Y, _ Y,
TAB OUTPUT OUTPUT
PICKUP |la—
PICKUP —» INPUT INPUT

Figure 1. The flow of information among the computer codes EQPT, EQ3NR, and EQ6. Computer codes are rep-
resented by ovals, files by rectangles.

Technical Data Base.

Thesupdata file has a high level of internal consistency among the standard state thermodynam-

ic data. In addition, the temperature-pressure dependence of these data are represented by a suite
of equations of state for minerals, gases, and aqueous species that are well established in the
geochemical literature (see references noted above). This data file covers a wide range of chem-



Table 1. Major characteristics of the current five EQ3/6 data files (“R10” versions).

Activity Number of Number of  Numberof Numberof Numberof Number of
File Name Coefficient  Temperature Chemical Basis Aqueous Pure Solid Gas
(Suffix) Source Formalism  Limits Elements  Species Species Minerals Solutions Species
com GEMBOCHS Extended 0-300C 78 147 852 886 12 76
(LLNL) Debye-
Huickel
sup SUPCRT92 Extended 0-30C0C 69 105 315 130 0 16
Debye-
Huickel
nea NEA draft Extended 0-300C 32 50 158 188 0 76
report Debye-
Huickel
hmw Harvie, Mgller, Pitzer's 25°C only 9 13 17 51 0 3
and Weare Equations
(1984)
pit Pitzer (1979) Pitzer's 0-100°C 52 62 68 381 0 38

Equations




ical elements and species of interest in the study of rock/water interactions (e.g., components
which make up the major rock-forming and ore-forming minerals). It also includes a large num-
ber of organic species, mostly of small carbon numBgiQdg). Theneadata file is something

of a specialty item. Its strongest point is a thorough representation of the thermodynamics of
uranium species.

Thecom (composite) data file encompasses a much broader range of chemical elements and spe-
cies. It includes the data found on #up andneadata files, with preference given to data from

the former in cases of overlap. It also includes some data foundhmilealata file, as well as

other data which do not appear in any of the other data files. Some of these data are estimates
based on correlations or extrapolations (as to higher temperature), and are not tied directly to ex-
perimental measurements. Téwm data file thus represents a melange of data, which by its na-
ture offers less assurance of internal consistency. However, this offers the only means presently
available for modeling aqueous solutions with a high degree of compositional complexity, such
as the fluids expected to be found in and about a facility for the geologic disposal of industrial or
nuclear waste (e.g., the potential repository for high-level nuclear waste at Yucca Mountain,
Nevada).

Thehmw data file has the highest degree of internal consistency of any of the five data files, in-
cluding mutual consistency of activity coefficient data and standard state thermodynamic data. It
can be applied to dilute waters or concentrated brines. However, it only treats the set of compo-
nents present in the “sea-salt” system (the major cations and anions presentin seawater, including
carbonate and bicarbonate). The geochemically important components aluminum and silica are
not included. Also, this data file is limited to a temperature 8293 hepit data file can also be
applied to concentrated brines. It covers a larger set of components, but these mostly involve oth-
er cations and anions of strong electrolytes. Examples include lithium and bromide. This data file
nominally covers the temperature range of 0cMHowever, it represents a melange of data,

not a carefully crafted internally consistent set.

The data file preprocessor EQPT (Daveler and Wolery, 1992) performs a number of functions.
It checks the composition, charge, and reaction coefficient datalaa@file for internal con-
sistency and fits interpolating polynomials to various temperature dependent data which are or-
ganized on théataO file on temperature grids. Such data include certain activity coefficient
parameters, such as Debye-Huokg{oandB,, and the equilibrium constants for the reactions

represented on the data file. In addition, in the case of data files specific to the formalism of
Pitzer's equations, observable interaction coefficients are mapped to a set of conventionally de-
fined primitive interaction coefficients (see Chapter 3 of Wolery, 1992b). EQPT then writes the
datalfile corresponding to the inpdataOfile. For details of the contents and structuréaifO
anddatalfiles, see Daveler and Wolery (1992). Run-time alteration of the values of selected
equilibrium constants can subsequently be selected by the user on the EQGNIRe (see

Chapter 6 of Wolery, 1992b). EQPT also writes to a screen file amatput file, both of which

are generally significant only if an error condition is encountered. In addition, it wrighistan
(species list) file. This is very useful to the user, as it lists the species that are represented on the
data file and identifies which species are in the strict and auxiliary basis sets (See Chapter 5 of
Wolery, 1992b).



A speciation-solubility problem to be run with EQ3NR is described on the EQ3NR file.

While this code is running, it writes to the screen file to keep the user apprised of what is going
on. It writes aroutput file describing the results of the calculation. It also writelaup file,

which contains a compact description of the aqueous solution (see Chapter 8 of Wolery, 1992b).
The EQ3NRpickup file is important because it may be used as the bottom part of aimp@6

file. It has no other real purpose. However, if one plans to define an aqueous solution as a special
reactant for use in a fluid mixing calculation in EQ6, the corresponding composition may be ex-
tracted from an EQ3NRickup file.

A reaction path problem to be run with EQ6 is described on tharg@6file (see Chapter 5 of

the present report; see Chapter 6 for examples). This code also writes to the screen file to keep
the user apprised of what is happening. EQ6 writes itscauuput file. It also writes its own

pickup file, which may be used as eput file to restart a reaction path calculation where a pre-
vious one left off. In addition, EQ6 writedab file, which contains results in tabular form suit-

able for supporting local graphics postprocessing.

The EQ6output file can be quite large. The user can effectively control its size by means of the
print interval parametersl¢prnt, dzprlg, andkstppr) and print option switchesofrl -
iopr20). These parameters and switches appear anpie file (see Chapter 5).

The EQ6pickup file is a complete EQBhput file. This makes up the code’s restart capability.

It facilitates making a length calculation in segments, which is often more convenient than mak-
ing a single long run. It can be modified if the user wishes to change the direction of the reaction
path.

When EQ6 is running, it writes the data for thle file onto a file calledabx, which is not shown

in Figure 1. It contains the lines written for thé file, but these are written to it in chronological
order. This causes the data for the various tables dalilige to appear in an interleaved mode.
Each line is labeled as to which table it belongs to. Tlabs,is known as the “scrambled” tab
file. At the end of execution, EQ6 unscrambles the datalmnontotab. Thetabx file is not
normally used subsequently. However, there is an opbptil@ = 1) to append data to an exist-
ing tabx file, thus producing &b file that summarizes more than just the results of the current
run.

Because any EQ6 calculation depends on a previous EQ3NR or EQ6 calculation, one should use
the samealatal file throughout a given chain of runs. Substitution of a different kind of data file
(e.g.,comfor hmw) may cause EQ6 to terminate upon encountering errors in processimg the

put file, as the sets of species present and exact names used vary among the data files. However,
there is no mechanism built into the software to prevent such substitutions. If a data file of a given
kind is modified, it may also be necessary to repeat a whole chain of calculations to assure con-
sistency. If anynput file directed modifications are to made to the thermodynamic data, these

are best made at the start of a chain of calculations, on the EQBMRfile. These modifica-

tions are then passed on to EQ6 onpic&up file.

This report describes the assumptions underlying the use of EQ6 and documents the mathemat-
ical derivations and the numerical techniques that are used by the code. The user should already
be familiar with the assumptions underlying the EQ3NR code (Wolery, 1992b), and how to use



that code. Several examples of the usage of EQ6, including theplutlifiles and pertinent parts

of theoutput andtab files, are presented and discussed. For a brief overview of the current status
and recent development and future plans for the EQ3/6 package as a whole, see Wolery et al.
(1990). For a more detailed plan of long-term development, see McKenzie et al. (1986).

The remaining sections of this chapter describe the kinds of calculations made by EQ6. Chapter
2 reviews the history of EQ6 and discussions its current limitations and possible future develop-
ment. Chapter 3 describes the governing equations and related concepts pertaining to EQ6 cal-
culations. Chapter 4 discusses the various types of calculational models which can be addressed
by EQ6. Chapter 5 describes the BE@gut file. Sample problems are presented in Chapter 6.
Chapter 7 presents the methods EQ6 uses to make thermodynamic equilibrium calculations.
Chapter 8 describes the methods used to make reaction path calculations.

The code architecture is described in Chapter 9. Appendix A contains a glossary of the major
code variables. The source code modules are listed and briefly described in Appendix B (for a
similar treatment of EQLIB modules, see Appendix B of the EQ3/6 Package Overview and In-
stallation Guide, Wolery, 1992a). Appendix C contains a list of error messages generated by
EQ3NR modules, along with related notes (see Appendix C of Wolery, 1992a, for a similar list
for EQLIB modules). Appendix D contains notes pertaining to known bugs and such. Appendix
E presents two EQ@put files which deal with more complex problems than those addressed in
Chapter 6. Appendix F contains the EQ3NBut files that were used to initialize the EQ6 sam-
ple problems presented in Chapter 6 and a few more complexg@tfiles are given in Ap-
pendix E.

EQ6 and the other codes in the EQ3/6 software package are written in FORTRAN 77 and have
been developed to run under UNIX operating systems on computers ranging from workstations
to supercomputers, including Sun SPARCstations, VAXes (ULTRIX operating system), Alliants
(CONCENTRIX operating system), and Crays (UNICOS operating system). They are fairly
readily portable to VAX computers running the non-UNIX VMS operating system. They may be
portable as well to 386 and 486 PCs. Platforms used at LLNL include Sun SPARCstations and
an Alliant FX/80. For details concerning platforms, see the EQ3/6 Package Overview and Instal-
lation Guide (Wolery, 1992a).

1.2. Input to EQ6 from EQ3NR

To describe the function of EQ6, we first briefly review the output from EQ3NR (Wolery,

1992b). This comprises a model of the aqueous solution which provides a starting point for de-
fining a problem for EQ6. EQ3NR calculates the aqueous species distribution (the concentrations
and thermodynamic activities of individual species) and the total concentrations of aqueous basis
species (in cases where these total concentrations are not input parameters). It also computes the
saturation indices of minerals represented in the data base. These are expressed as

S| = log QK, whereQ is the ion activity produci the equilibrium constant, and it is under-

stand that these quantities pertain to the forward direction for a dissolution reaction. EQ3NR also
calculates the thermodynamic state of each aqueous redox couple, expressing it as couple-specif-
ic values ofEh, pe equilibrium oxygen fugacity, andh (redox affinity; Wolery, 1992b). Differ-

ences in the values of these corresponding functions define the degree of disequilibrium among
any two aqueous redox couples (Wolery, 1992b).



After computing the speciation model, EQ3NR calculates a mass balance, in terms of the number
of moles, for each chemical element present in the model. It also computes the charge balance,
or more properly the imbalance, in terms of charge equivalents. The mass balances totals and the
charge imbalance are calculated for a mass of aqueous solution containing one kilogram of sol-

vent water. Each chemical element corresponds to a strict basis specidaf@.fla’). The
charge balance corresponds to the basis sp@gj@ghich is a fictive aqueous species. In its ther-

modynamic calculations, EQ6 uses these balance relations to find the number of moles of each
of the strict basis species and the oxygen fugacity. Among other mass balances, EQ3NR com-
putes one for oxygen and one for hydrogen, for which the associated strict basis species are the

solvent H,0) and the hydrogen iotH("), respectively. The calculated charge imbalance in the

EQ3NR model is passed on to EQ6, which maintains a this calculated imbalance. If there is no
redox aspect to the computed model, the charge balance relation is not applicable and the oxygen
fugacity is undefined.

EQ3NR makes use of auxiliary basis species, which can be used to split mass balances (defined
in terms of basis species instead of chemical elements) so as to utilize corresponding analytical
data (e.g., separate total concentrations for ferrous and ferric iron) and to deal with the possibility
of disequilibria among species in aqueous solution. The auxiliary basis concept is not incorpo-
rated in the present version of EQ6. Therefore, if for example a model of a water is calculated by
EQ3NR in which sulfate is not in equilibrium with sulfide, only one mass balance representing
elemental sulfur is passed to EQG. In its initial thermodynamic calculation, EQ6 will then “equil-
ibrate” the solution. It is currently planned that the next version of EQ6 will define mass balances
as in EQ3NR, and incorporate the option of using auxiliary basis species and hence reaction path
calculations involving partial disequilibrium in the aqueous phase.

This set of mass balance totals, the charge imbalance, the logarithms of the number of moles of
the strict basis species, and the logarithm of the oxygen fugacity are written by EQ3NR on its
pickup file. This file is normally incorporated into the E@ut file (in which it comprises the

bottom half of the file). The information transferred to EQ6 via the EQ3NR pickup file is suffi-
cient for EQ6 to recalculate the speciation model, using the mass balance totals, the charge bal-
ance relation, the required equilibria, and the non-ideality constraints, for the specified initial
temperature/pressure. If the latter is the temperature/pressure for which the EQ3NR calculation
was made and if the EQ3NR model has no disequilibrium in the aqueous solution itself, the initial
calculation represents only a confirmation of the values for the number of moles of the basis spe-
cies and the oxygen fugacity that EQ3NR wrote opiitkup file. EQ6 may continue its ther-
modynamic calculations at the first point of reaction progress by precipitating minerals in order
to eliminate supersaturations.

A useful change in constraints in going from EQ3NR to EQ6 isetin@erature jumpThis oc-

curs when the temperature at the start of an EQ6 run differs from that pertaining to the results
written onto thepickup file. This is handy when using the code to calculate high-temperature
properties, such gsH or mineral saturation indices in an autoclave, when one hasifhedc.,

for quenched fluid samples.



1.3. Thermodynamic Calculations

The thermodynamic equilibrium calculations made by EQ6 differ from those made by EQ3NR
in important ways. EQ3NR computes the speciation of an aqueous solution according to speci-
fied temperature/pressure, total concentrations of dissolved compgutérEs, and/or many

other possible constraints (See Wolery, 1992b). In EQ3NR, the number of moles of solvent water
is fixed at a value corresponding to a mass of one kilogram. In EQ6,the number of moles of water
is a variable to be calculated. To accommodate the additional unknown, EQ6 utilizes an addition-
al mass balance relation (for the element oxygen). EQ3NR calculations do not involve precipi-
tating minerals, although this code can compute the concentrations of components that are
required to satisfy desired heterogeneous equilibria. In contrast, EQ6 does make calculations of
precipitation from supersaturated solutions. In such calculations, the amount of solvent water, the
pH, and the oxygen fugacity may all change.

An explicit electrical balance constraint is automatically included in the calculation if it is need-
ed, as indicated by the presence of redox reactions in the model. This constraint includes the con-
stant imbalance calculated by EQ3NR which was noted above. If the model contains no redox
reactions, electrical balance (or a fixed imbalance) is implicit in the mass balance relations.

It is important to avoid the usage of an electrical balance constraint for a problem which has no
significant redox aspects. Such systems tend to be highly ill-poised (lack much redox buffering
capacity). EQ6 will then spend a lot of effort trying to accurately calculate the oxygen fugacity.
Typically, this results in very small step sizes and long run times. Such calculations tend to exist
on the edge of computational singularity. Thus, the code may also terminate abnormally or ter-
minate normally but prematurely.

Two redox reactions appear on most of the supporting data files:

Ozaq) = O2(g) @
1.
Ha@a)™ 592(9) = H20) @)

These reactions then normally form part of the calculated thermodynamic model. Thus, the ex-
plicit electrical balance constraint normally appears in the calculations. By default, EQ3NR com-
putes the concentrations ©p(,q) andHy(aq) from the oxygen fugacity dgh. Analytical values

may also be entered, as these are auxiliary basis species. One of these species (Dggfpften

is likely to be present in sufficient concentration to provide a reasonable amount of poising.

Problems may result @, 5q) Or Hp(ag) are the only redox species in the model and neither is

present in sufficient concentration to poise the system. In such cases, one should either increase
the concentration of one of these to obtain some poising. Alternatively, both species should be
deleted from the model so that the charge balance constraint and the oxygen fugacity are not em-
ployed in the calculation. This can not be is done by merely entering zero concentrations for these
species on the EQ3NRput file. One must specifically suppress these species and the associated
reactions. This can be done most safely by usingxh®d suppress option on the EQ3NR

put file (see Chapter 6 of Wolery, 1992b) It can also be done usinggtid option on the EQ6

input file (see Chapter 5 of the present report).



All minerals and other solids read into memory from the data base are potential precipitates. The
user may disallow the precipitation of some or all such phases by means of appropriate options
on theinput file (see Chapter 5). If precipitation of a phase is suppressed, the aqueous solution
is permitted to be supersaturated with it. In many cases, this often corresponds better to reality
than assuming solubility equilibrium is a controlling factor. iriput file options for choosing
suppression of solid phases are highly flexible: it is easy to suppress specific individual phases
(nxmod suppress options), groups of pure minerals composed of specified chemical elements
(nxopt subset-selection suppression options), all pure minerals phase®fdrsubset-selec-

tion suppression option), and all solid solutianp®@ = 0). In general, all solid phases should be
suppressed when using the code to calculate high temperature solution propertiesplduch as

an autoclave) from measurements on quenched samples.

A thermodynamic calculation is made in stages, each of which assumes a given phase assem-
blage. This assemblage begins with the agueous phase described on arpitRAplRe. After

making the calculation for a given assemblage, EQ6 checks to see if there are any non-suppressed
phases for which the aqueous solution is supersaturated. If there are, the code picks one to add to
the phase assemblage and makes a new calculation. If the phase is a pure mineral, the new cal-
culation includes one new equation (the mass action expression for the corresponding solubility
equilibrium) and one new unknown (the number of moles of the new mineral). If the phase is a
solid solution, the new calculation includes a new equation for each end member component (the
corresponding mass action equation) and the set of unknowns is expanded to include the number
of moles of each such component. If the new calculation is successful, the code repeats the pro-
cess as necessary to remove all cases of “unexcused” supersaturation.

Mineral species present in the equilibrium phase assemblage are not formally considered to be
basis species, the special set of building blocks used in writing chemical reactions. However, the
number of moles of each such mineral species is used as an algebraic master variable in making
equilibrium calculations. In this restricted sense, one may say that such mineral species are added
to the basis set.

EQ6 uses the logarithms of the number of moles of the active basis species and the mineral spe-
cies in the equilibrium phase assemblage as algebraic master iteration variables. This forces the
values calculated during iteration to remain in physically realistic space; that is, it prevents the
generation of zero or negative values for the number of moles of any of the species corresponding
to the algebraic master iteration variables (Wolery, 1979). If a mineral phase does not belong in
the equilibrium phase assemblage, the iteration diverges in a typical fashion which allows the of-
fending phase to be identified: the number of moles of one or more of the mineral species com-
prising the phase diverges toward zero (Wolery, 1979). When the code is precipitating mineral
phases from an aqueous solution which is initially supersaturated with many phases, it is not un-
usual for the code to add a mineral which does not belong in the final, completely equilibrated
assemblage. A subsequent attempt to add another mineral to the assemblage results in such di-
vergence, which allows identification of the phase which needs to be removed from the assem-
blage.

The present versions of EQ6 and EQ3NR use a hybrid Newton-Raphson algorithm to make ther-
modynamic calculations. This differs from the modified Newton-Raphson method used in older
versions of EQ6 (Wolery, 1979) and EQ3NR (Wolery, 1983). In the old method, the ionic
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strength and the equivalent stoichiometric ionic strength were included as matrix variables. The
expressions for the activity coefficients of the aqueous species then depended only on the two
ionic strength functions, and these expressions were substituted into the balance equations in for-
mulating the Jacobian matrix. Thus the two ionic strength functions, and indirectly the activity
coefficients of the aqueous species, were corrected by Newton-Raphson steps. To accommodate
expressions such as Pitzer’s equations, which depend on the specific composition of the solution,
not just the ionic strength, a hybrid approach is now utilized. The ionic strength functions have
been deleted as matrix variables. The activity coefficients of agueous species are now treated as
constants within a Newton-Raphson step, and are modified by simple recalculation between such
steps. This process is described in more detail in Chapter 7.

The activity coefficients of solid solution end member components (see Chapter 4 of Wolery,
1992b) are handled as before, by substitution of the expressions for these quantities into the mass
action equations used to define solubility equilibria. These activity coefficients are therefore di-
rectly corrected in a Newton-Raphson step. In future versions, this treatment is likely to be mod-
ified so that all activity coefficients are treated by simple recalculation between Newton-Raphson
steps.

EQ6 follows any basis switching that was made in the initializing EQ3NR calculation. Basis
switching redefines the identifies of the basis species used in the calculations. As a general rule,
the calculations tend to proceed somewhat more smoothly if a species that dominates a mass bal-
ance (or at least makes a significant contribution to it) is employed in the basis. For most calcu-
lations, basis switching is not necessary. EQ6 has an automatic basis switching feature, which
can be engaged by settifogpt7 to 1 on thanput file.

Pre-Newton-Raphson-iteration optimization is employed if starting values produce unfavorable
residuals. The algorithm employed in the present version of EQ6 is patterned after one employed
more successfully in EQ3NR. Its major weakness is that it can not optimize the algebraic master

variables foH™ andO,. It also is incapable of optimizing the algebraic master variables for any

mineral species in the equilibrium phase assemblage. This optimization algorithm is discussed in
more detail in Chapter 7.

Newton-Raphson iteration is automatically assisted as needed by under-relaxation techniques. If
necessary, the code will scan the range of oxygen fugacity corresponding to the stability field of
liquid water to find a starting value that will lead to convergence.

In practical usage, most “equilibrium” calculations the user is likely to make using EQ6 really
represent cases of what is calfgttial equilibrium The code describes a chemical system by

an array of simple reactions, each written in terms of a few species. The reaction coefficients are
either integers or simple rational numbers. The concept of partial equilibrium is that some (usu-
ally most) such reactions are in a state of equilibrium, while others, usually few in number and
representing heterogeneous processes such as mineral dissolution/precipitation, are not. Thus,
partial equilibrium could be equally well referred to as partial disequilibrium. Stating that a re-
action is in partial equilibrium means that it is in a state of equilibrium, but other reactions in the
same system may not be in equilibrium.
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“Equilibrium” calculations can be modified in simple ways to deal with partial equilibrium. One
type of partial equilibrium has already been discussed above, that which results when an aqueous
solution is supersaturated with respect to some solid phase, but there is no precipitation of that
phase. Another example would be the case of aqueous redox disequilibrium, where the behavior
of a dissolved element must be described by separate mass balances for two different oxidation
states, instead of a single mass balance for both forms and a mass action equation describing
equilibrium between the two forms. As noted earlier, the present version of EQ6 does not have
the capability to model disequilibrium in the agqueous phase.

1.4. Reaction Paths

A reaction path represents the process by which a set of irreversible (not at equilibrium) reactions
proceed to a state of thermodynamic equilibrium. These reactions drive the chemical evolution
of a system as they each proceed toward a state of equilibrium. Consider the interaction of K-
feldspar KAISEOg(c) placed in contact with distilled water. The agueous solution is undersatu-

rated with respect to this mineral, so there is a thermodynamic driving force for the K-feldspar
to dissolve.

The process can be divided into steps in which small increments of this mineral are added to the
agueous solution in the manner of a titration. The reaction path calculation can be conceptualized
as a sequence of thermodynamic equilibrium calculations for systems of increasing mass balance
totals (number of moles) of potassium, aluminum, silicon, and oxygen. The unreacted mass of
the K-feldspar is not considered part of dniilibrium systenfior which these calculations are

made. This reaction path terminates when there is no remaining mass of the reactant or when the
solution becomes saturated. If there is sufficient reactant present to saturate the solution, then part
of the problem is to determine how much of the mineral must be dissolved to achieve this condi-
tion. Along the path, various secondary minerals, such as gibBK@H)3) and kaolinite
(Al,SI05(0OH)4) may precipitate when their solubilities are reached. Some, such as gibbsite, may
be transient products, redissolving before the end of the reaction path. Determining which such
minerals precipitate, when they precipitate, and if and when they redissolve, is also part of the
problem.

Consider another simple scenario, which begins with an aqueous solution that is slightly under-
saturated with respect to anhydri@GQ,)). The temperature is then increased in a sequence

of steps from the initial value to some value sufficiently high to precipitate this mineral, which
becomes less soluble with increasing temperature. At some intermediate temperature, the solu-
tion will become saturated and the mineral will appear and grow as the temperature continues to
be raised. This process can also be conceptualized as a series of thermodynamic calculations.
Here, however, the total masses of the components remain constant, but the change in tempera-
ture changes the thermodynamic properties of the system. Part of the problem here is to find the
temperature at which precipitation begins, and to quantify the extent of precipitation as a function
of temperature.

Reaction path problems can be defined with more than one irreversible reaction proceeding si-
multaneously. It is also possible to define such paths which include both irreversible reactions
and changing temperature/pressure. The extent of such processes can be described by reaction
progress variables (Helgeson, 1968). They are usually denoted by the Greék(}ett&Gome
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physical feel for them can be introduced by pointing out that irreversible reaction is much like a
titration. The reaction progress variable is either equivalent or proportional to the quantity of ti-
trant, or reactant, that has been consumed in the titration (along the reaction path). More rigorous
definition of reaction progress variables will be deferred to Chapter 3. When there is more than
one irreversible reaction, each is described by its corresponding reaction progress ¥griable (

The evolution of the system as a whole can also be described by an overall reaction progress vari-
able §).

Reaction path calculations take place without reference to a time frame if the rate functions spec-
ified by the user for the irreversible processes include refdyive rateghat describe the extent

of progress with respect to an overall reaction progress variable. Time is completely arbitrary and
the most that one can say is that time should increase as reaction progress increases. Such a cal-
culation is said to be irraction progress modd the rate for one or more irreversible processes

is defined in terms of its progress with respect to time, then the calculation has a definite time
frame and is said to be iime modelt is then possible to calculate both a relative rate and an

actual rate for each irreversible reaction.

The major obstacle to reaction path modeling in a time mode is the lack of availability of realistic
rate laws for all of the relevant irreversible reactions (cf. Delany, Puigdomenech, and Wolery,
1986). For such reaction, the user must provide EQ6 with both a rate law and the appropriate con-
stants. The study of the kinetics of reactions occurring in aqueous geochemical systems is still in
the pioneering stage. There is not general agreement with regard to the functional form of the rate
laws, let alone the values of the corresponding constants (rate constants, activation energies,
etc.). The user must be prepared to justify whatever kinetic rate laws he chooses to employ. EQ6
is set up to offer a choice of rate law options. In the present version of EQ6, the constants required
by rate laws are entered on thput file.

There is a two-fold advantage of using real kinetics in reaction path calculations. The first is that
the results of the calculations are placed in a time frame. The second is that the ratio of the rates
of any two irreversible reactions is realistically evaluated as the ratio of the two corresponding
actual rates. In calculations in reaction progress mode, this ratio is evaluated as the ratio of the
corresponding relative rates, which must be arbitrarily chosen by the user and are usually fixed
throughout the reaction path calculation.

The extra price that must be paid in making calculations in time mode is that the code is faced
with integrating ordinary differential equations (the rate laws). The number of steps along the re-
action path, hence the number of thermodynamic calculations that must be made, must be suffi-
ciently large to solve these equations with acceptable accuracy. In calculations in reaction
progress mode, the step size can be made fairly large. This may reduce the resolution, but it also
may also greatly reduce the run time of the calculation.

To define a reaction path problem to run on EQ6, the user supplies a thermodynamic model of

an aqueous solution, obtained by running EQ3NR, chooses a set of irreversible reactions (“reac-
tants”) and/or changes in temperature/pressure, provides parameters to define the rates of these
processes, and chooses from among the various model options that are available. The code does
the rest. It may be necessary to repeat a run several times, changing various options, before a sat-
isfactory model is obtained. For example, one might choose to let the aqueous solution supersat-
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urate with various phases rather than have them precipitate according to solubility equilibrium.
Or, one might vary the values of certain thermodynamic data, particularly in cases where the data
are not well known. Repeated runs may also be required to determine the sensitivity of the results
to the assumptions that go into the calculations (e.g., speciation, thermodynamic data, kinetic da-
ta).

The reaction paths calculated by EQ6 usually pertain to well-mixed closed systems or well-
mixed systems into which reactants are titrated. There is an option for computing the evolution

of the first packet of water flowing through a reactant medium and/or a temperature/pressure gra-
dient. In this model, the water moves on and loses contact with product minerals that form ac-
cording to partial equilibrium. EQ6 also does calculations in which specified gas fugacities are
fixed, presuming that the system is connected to a large external gas reservoir, such as the atmo-
sphere (Delany and Wolery, 1984).
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2. More About EQ6

2.1. Historical Development

H.C. Helgeson introduced the first computer program for making reaction path calculations in
geochemical systems (Helgeson, 1968; Helgeson et al., 1970). It computed reaction path models
along the lines of “arbitrary” kinetics, in which mineral reactants are titrated into an aqueous so-
lution with which they are not in equilibrium. This code, called PATHI (pronounced “path-one”),
performed its own initializing aqueous speciation-solubility calculation. Unlike EQ6, however,
that was the only type of “single point” thermodynamic calculation the code made. It had no ca-
pability to precipitate supersaturated phases at the start of a run, and consequently would termi-
nate execution when supersaturations were encountered at this point.

The major difference between PATHI and EQ6 was that PATHI, once past the initializing calcu-
lation, treated all the equations governing the reaction path as ordinary differential equations
(ODEs). This was made possible by differentiating all the algebraic equations such as mass bal-
ance, mass action, etc., with resped,tthe overall progress variable, to put them in the same
class with the relative rate expressions. Numerical integration of these equations gives results
that, ignoring errors in the integration, would be equivalent to results obtained using EQ6.

The ODE integration method in PATHI was fairly simple. The first and second derivatives of the
mass/concentration variables used to describe the model were evaluated after each step by solv-
ing a matrix equation similar to the Jacobian matrix used by EQ6 in Newton-Raphson iteration.

In fact, for the same choice of master variables, these matrices would be identical. They are
solved, however, for different right-hand-side vectors. In the case of PATHI, solution with one
right-hand-side gave an array of first-order derivatives, and solution with another gave the sec-
ond derivatives. Making a step to another point of reaction progress was done by evaluating the
second-order Taylor’s series in which these derivatives appeared.

The method described above is not an efficient way to integrate ODEs. Execution times of
PATHI were extremely long. Nevertheless, the code was sufficiently capable to demonstrate the
usefulness and significance of such calculations.It operated in one of two modes. The first sim-
ulated reaction in a closed system, in which the undissolved portions of mineral reactants were
considered to be physically present in the system, but not in equilibrium with the aqueous solu-
tion. Perturbation of the aqueous solution chemistry by the incremental dissolution of these re-
actants led to saturation with respect to other, “product” minerals, which would then form and
grow and sometimes later redissolve under the condition of partial (individual) equilibrium. The
second mode was a spin-off from the first, simulating reaction in a flow-through open system that
focused on the evolution of a packet of aqueous solution flowing through a medium containing
reactant minerals. The chief difference was that any product minerals formed were considered to
be physically separated from the moving fluid and thus could not alter its subsequent evolution
by redissolving.

PATHI’s calculational capabilities were demonstrated in some early modeling studies. Helgeson,
Garrels, and Mackenzie (1969) applied it to a theoretical study of the weathering of feldspar and
feldspathic rock and the evolution of the participating agueous solutions. Helgeson (1970) also
presented several examples of calculations pertaining to hydrothermal ore deposition.
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The integration scheme used in PATHI was inefficient because as it moved to a new point of re-
action progress, it made no use of the information at immediately preceding points. Essentially,
doing so involves constructing finite difference functions up to some order, commonly four to
eight. Only the first derivatives then need be solved by the matrix equation noted above. The sec-
ond and higher derivatives could be approximated using finite differences. This is essentially
what happens when one utilizes a method such as the predictor-corrector methods of variable or-
der described by Gear (1971ab). At least four known modifications of PATHI (all unpublished)
incorporated Gear’s methodology. One was the FASTPATH code developed at the Kennecott
Copper Company (see Schlitt and Jackson, 1981). Other versions were created at Los Alamos
National Laboratory (C. Herrick), the University of Arizona (J. Knight; see Capuano and Cole,
1982), and the University of British Columbia (T. H. Brown, E. H. Perkins). The latter two were
complete rewrites of the original code.

These versions of PATHI were much more efficient, but they still had three major drawbacks.
One was the inability to deal with an initial aqueous solution with supersaturations. The second
drawback was “drift,” or manifestation of error in the integration along the reaction path. Of prin-
cipal concern was a calculated charge imbalance that tended to grow as the calculation pro-
gressed. This was periodically eliminated by executing an aqueous speciation-solubility
calculation (just like the initializing calculation) that readjusted the total concentration of one of
the ionic components. This correction was thus only cosmetic. The third drawback was that the
matrix required to calculate the necessary derivative functions would occasionally become com-
putationally singular, causing the run to terminate. This usually happened during a sharp change
in the oxygen fugacity (though this is not the only possible cause).

EQ6 (Wolery, 1978, 1979) is a successor to PATHI, in that it was originally written to perform

the same modeling functions. However, it was a completely new code. Separation of the solution
of algebraic equations and ODEs made it possible to precipitate initially supersaturated solutions,
avoid the drift problem, and step over small intervals of reaction progress in which the matrix
was computationally singular. The use of the Newton-Raphson method to solve the algebraic
equations appearing in thermodynamic calculations was influenced in part by Morel and Morgan
(1972), who used it in the equilibrium code REDEQL. EQ6 employs a finite-difference based
method to generate predictor functions for the algebraic master variables (number of moles of
basis species). These functions are closely analogous to the predictor functions used in the Gear
(1971ab) ODE integration method. They are used to calculate starting values for the Newton-
Raphson calculations at new points of reaction progress, and in search algorithms which find the
points of reaction progress at which occur certain events of interest, such as the appearance and
disappearance of product minerals. The use of algebraic solution methods in essence replaces the
corrector part of Gear’'s ODE integration method. Thus, EQ6 corrects to satisfy the governing
algebraic equations instead of their differential counterparts. Originally, EQ6 had no capability

to deal with real kinetics, the introduction of which required the introduction of ODE methods to
integrate the corresponding rate laws. These methods are now coupled with algebraic methods.

Wolery (1978) initially used EQ6 to model the interactions between sea water and basalt in hy-
drothermal systems at mid-ocean ridges. It has since been applied in studies of the following:

» Rock/water interactions in the East Mesa geothermal system, Imperial Valley, California (Taylor et al., 1980).

» Dissolution 0fUO, in ground water at low and elevated temperatures (Wolery, 1980).
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» The origin of the copper ore body at Butte, Montana (Brimhall, 1980).

» Hydrothermal interactions of oceanic peridotite with sea water (Janecky, 1982, 1989).

» The role of ground water flow on the genesis of stratabound ore deposits (Garven, 1982).

» The evolution of ground water and formation of secondary minerals at Rainier Mesa, Nevada (Kerrisk, 1983).

» Seawater-basalt interaction at mid-ocean ridges, at both high and low temperature (Bowers and Taylor, 1985,
1987; Bowers, von Damm, and Edmond, 1985;, Gitlin, 1985; Berger, Schott, and Loubet, 1987; and Janecky
and Shanks, 1988).

« Sulfide deposition at mid-ocean ridges resulting from mixing between hydrothermal solutions and seawater
(Janecky and Seyfried, 1984).

» Hydrothermal alteration of the Columbia River basalt of Washington state (Arthur, 1989).
» Hydrothermal alteration of volcanic rocks at Valles Caldera, New Mexico (White and Chuma, 1989).

» Geochemistry of the Archean hydrosphere and the formation of banded iron formations (Glassley, Jackson,
and Bourcier, 1989).

* Calculation of synthetic mineral sequences in burial diagenesis (Bruton, 1989).

 Exploration of the role of chemical kinetics in geochemical processes (Helgeson and Murphy, 1983); Murphy,
1989).

* Modeling tuff-water hydrothermal experiments in a time frame (Delany, 1985)

» Karst development in coastal plain sands (Isphording and Flowers, 1988).

» The dissolution of spent fuel nuclear waste form (Bruton and Shaw, 1987)

» The kinetics of leaching of borosilicate glass nuclear waste form (Bourcier, Knauss, and Merzbacher, 1989).
« Alteration of cement-based grouts for nuclear waste repositories (Gardiner et al., 1989)

» Aqueous alteration of hydrous meteorites (Zolensky, Bourcier, and Gooding, 1989).

This is not a complete list of every use of EQ6 to date. However, it does give a good picture of
the kinds of problems to which the code may be applied. The works cited here may also be help-
ful as resources to users contemplating similar usage.

Chapter 1 of the EQ3/6 Package Overview and Installation Guide (Wolery, 1992a) contains a re-
view of other codes, including some with reaction path capabilities (notably PHREEQE; Plum-
mer, Parkhurst, and Thorstenson, 1980). Some of the usages of these other codes provide
excellent examples of how to use any reaction path code. Plummer, Parkhurst, and Thorstenson
(1983) present an excellent study of modeling groundwater evolution in a carbonate terrain. Reed
(1983) gives a nice example of modeling pertaining to seawater-basalt reaction and ore deposi-
tion.

Neither version 7.0 nor any preceding versions of EQG6 released by Lawrence Livermore National
Laboratory have any capability for predicting isotopic mass transfer. Bowers and Taylor (1985)
produced the first known modified version with such a capability and used it in their study. Jan-
ecky and Shanks (1988) also modified a version to include isotopic modeling. Bowers (1989)
gives a review of the development and application of isotopic mass transfer models. Such a ca-
pability may be added to the “mainstream” EQ6 in the future (McKenzie et al., 1986).
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The addition of kinetics to EQ6 was started in 1982 and originally dealt only with mineral disso-
lution kinetics. Helgeson and Murphy (1983) had independently added such a capability to a ver-
sion of EQ6 at about the same time. A capability to model precipitation growth kinetics was
added later to the “mainstream” EQ6 (Delany, Puigdomenech, and Wolery, 1986).

The development of kinetic reaction path modeling follows the recent growth of interest in
geochemical kinetics beginning in the late 1970s. Much information has recently come to light
pertaining to the nature of mechanisms and rate laws (See for example Aagaard and Helgeson,
1982; Berner, 1978, 1980, 1981; Berner and Holdren, 1979; Blum and Lasaga, 1991; Carroll-
Webb and Walther, 1988; Chou and Wollast, 1984, 1985; Holdren and Berner, 1979; Furrer and
Stumm, 1986; Grandstaff, 1976, 1977, 1978; Helgeson, Murphy, and Aagaard., 1984; Knauss
and Wolery, 1986, 1988; Lasaga, 1981ab; Murphy and Helgeson, 1987, 1989; Petrovich, 1976,
1981ab; Petrovich, Berner, and Goldhaber., 1976; Rimstidt and Barnes, 1980; Schott, Berner,
and Sjoberg, 1981; Talman and Nesbitt, 1988; Wollast and Chou, 1985; Wood and Walther,
1983; Zinder, Furrer, and Stumm, 1986). Kinetic reaction path modeling has only become a pos-
sibility due to the recent availability of quantitative descriptions of the rates of some geochemi-
cally important reactions.

Much work remains to be done to establish a solid and widely applicable data base of rate laws
and rate parameters for mineral dissolution and growth. The more recent work (e.g., Furrer and
Stumm, 1986; Zinder, Furrer and Stumm, 1986; Carroll-Webb and Walther, 1988; Blum and La-
saga, 1991) has focused on developing models which directly couple the dissolution or growth
rate of a mineral to the chemical species present on its surface. Thus, models accounting for sur-
face chemistry are becoming increasingly important, because they are needed to deal with disso-
lution and growth kinetics as well as the mass balance of certain components. Version 7.0 of
EQ3/6 has no capability for dealing with surface chemistry models, however. Consequently, it
still needs development to deal with the most recently proposed models of mineral dissolution
and growth kinetics.

The inclusion of actual kinetics requires EQ6 to integrate ODES, because actual rate laws are by
nature ODEs. At the present time, EQ6 calculates predictor functions for the rate functions, just
as it does for the algebraic master variables. However, the usage is somewhat different in that the
calculation is dependent on the predictor functions for the rates being accurate. The code uses
these functions to integrate the rates to compute the increments of irreversible reaction (i.e.,
changes in the total masses of the components). In contrast, the predictor functions for the alge-
braic master variables do not have to be very accurate, because the corresponding equations are
algebraic instead of differential and can be corrected by Newton-Raphson iteration. Therefore,

in a kinetic reaction path run the step sizes will generally be kept smaller than if there were no
actual kinetics in the model, and the run will take longer to execute.

EQ6 was modified in 1984 to allow calculations for a model system presumed to be in equilibri-
um with an external gas reservoir (Delany and Wolery, 1984). This is the “fixed fugacity” capa-
bility. For example, the dissolution of a mineral in an open beaker on a time scale of as little as
a few hours is best modeled accounting for exchan@®egfbetween the aqueous solution and

the atmosphere. This would essentially fix @@, fugacity of the fluid in the beaker. The reac-
tion path in such a system can be significantly different from one in which the system is closed
(Delany and Wolery, 1984).
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Another development in the evolution of both EQ3NR and EQ6, which began in 1983, was the
addition of the option to use Pitzer’s (1973, 1975, 1979, 1987) equations to calculate the activity
coefficients of aqueous species (See Chapter 3 of the EQ3NR Theoretical Manual and User’s
Guide, Wolery, 1992b). This gave EQ3/6 6 a limited capability to treat concentrated aqueous so-
lutions. EQ3/6 6 formerly offered only an equation due to Helgeson et al. (1970) for the activity

of water and the B-dot equation of Helgeson (1969) for solute activity coefficients. This option
has been preserved, but should not be used when the ionic strength exceeds about one molal. An
option to use the Davies (1962) equation was added at the same time as were Pitzer’s equations.
However, it is not much if any better than the B-dot set of equations and is generally subject to
the same restrictions.

There have, of course, been more recent developments pertaining to EQ6 and the EQ3/6 software
package. For a description of these, the reader is referred to Chapter 1 of the EQ3/6 Package
Overview and Installation Guide, Wolery, 1992a).

2.2. Limitations and Future Development

The user of EQ6 should be aware of its limitations, both those that are inherent in any code of
this type, and also those that pertain to the current state of development of the code. EQ6 is cur-
rently under development, and this process will probably continue along the lines discussed by
McKenzie et al. (1986). Active users should follow both this code development and also the con-
tinuing development of the science that affects how the code can be used. A list of capabilities
that have been planned for EQ6 (McKenzie et al., 1986) but which do not exist in the present
version are listed and briefly discussed in Chapter 1 of the EQ3/6 Package Overview and Instal-
lation Guide (Wolery, 1992a). Known bugs and such pertaining to the present version of EQ6 are
discussed in Appendix D of the present report.

What goes into a computer code is a strong determinant of what comes out of it. One such factor
affecting EQ6 is the scope and quality of the thermodynamic data base. It is particularly impor-
tant that all the species that should be significant contributors to the mass balances in the thermo-
dynamic calculations be represented in the supporting thermodynamic data base, even if the
corresponding data are not of high quality. It is not legitimate to leave an important species out
of the model just because high quality data for it are lacking. If necessary, perturbation calcula-
tions on the data in question should be done (for example, by usimgioel option feature) to

get some handle on the sensitivity.

Similar comments pertain to other supporting data. If the user is modeling the behavior of brines,
loosely defined here as any aqueous solutions with ionic strengths greater than one molal, then
an appropriate activity coefficient option should be selected (in version 7.0 of EQG6, the only such
choice is Pitzer’s equations). The user should be aware of the limitations imposed by both the
option itself and also those related to the scope and quality of the data base that supports the op-
tion.

It is important to recognize that the user is called upon to make important decisions at the start

of the run. The code can at best provide workable defaults, meaning choices that allow the code
to run. However, such choices may not be always suitable for the situation of interest. For exam-
ple, unless the user specifies otherwise, the code will precipitate any mineral in the data base that
supersaturates the aqueous solution. It may be more realistic in many cases to allow precipitation
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of only appropriately selected phases (usingittraod suppression option or tmxopt subset-
selection suppression options, usingrikepexexceptions feature). For example, when the
agueous solution becomes saturated with a potential secondary mineral, the user must choose
whether it will be (a) precipitated as required by solubility equilibrium, (b) not precipitated even
if the fluid is supersaturated, or (c) precipitated, but according to a rate law instead of a solubility
constraint.

The area of kinetics (real kinetics) poses some special problems. Here, growth of knowledge is
now progressing at a fast pace. There are still a number of questions regarding the rate laws them-
selves, let alone such supporting data as rate coefficients and activation energies. The user must
bear the burden of assuring that he is using the correct rate laws and supporting parameters. The
EQG6 code is set up to treat rate laws in modular fashion. The currently programmed rate laws can
be modified and new ones can be added (though there is at present no capability for dealing with
surface chemistries with which to link some of the more recent rate equations). The user selects
from among the programmed rate laws and provides the necessary supporting data on the input
file. There are no kinetic data files to parallel any of the thermodynamic data files.

Redox disequilibrium is a factor that appears in many natural and artificial environments, and is
important to recognize in geochemical modeling (See Chapter 2 of the EQ3NR Theoretical Man-
ual and User’s Guide, Wolery, 1992b). It would be helpful to be able to model even simple redox
disequilibrium, in which there is no interconversion of the forms of an element in more than one
oxidation state. For example, Janecky (1982) found it necessary to modify a version of the EQ3/6
data base to “fool” EQ6 into treating sulfate and sulfide as separate components so that sulfate
reduction was entirely suppressed. However, although this method (modifying the data base)
does permit redox disequilibrium calculations to be made, it is not a satisfactory long-term solu-
tion to the problem.

Mineral surfaces form important sinks in aqueous systems for some (especially trace) compo-
nents. The surface chemistry models necessary to describe this (as well as to link with rate laws
for mineral dissolution and growth) have not been incorporated into the present version of EQ3/6.
Surface chemistry models have been incorporated into some other codes, some of which are not-
ed in Chapter 1 of the EQ3/6 Package Overview and Installation Guide (Wolery, 1992a).The
present version of EQ6 does have some capability to deal with solid solutions (see Chapter 4 of
Wolery, 1992b), which may also act as major sinks for trace components. Although surface spe-
ciation and solid solution are very different phenomena, they are often lumped together in a crude
concept of “sorption.”

These are some of the major capability limitations concerning the present version of EQ3/6. For
a complete list of capability limitations, see Chapter 1 of the EQ3/6 Package Overview and In-
stallation Guide (Wolery, 1992a).
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3. Governing Equations

3.1. General Discussion

As noted earlier, in EQG6 there is a separation in the methodology of treating equations that are
intrinsically algebraic from those that are intrinsically differential. The former govern thermody-
namic calculations, and the latter comprise rate laws for irreversible processes. This numerical
decoupling makes it possible to perform thermodynamic calculations, given the necessary inputs
of total number of moles of components, the temperature, and the pressure, independently of the
integration of rate equations. This contrasts to the treatment used in the PATHI code (Helgeson,
1968, Helgeson, et al., 1970), in which the algebraic relations were differentiated with respect to
¢ and the resulting ODEs were integrated numerically. This decoupling permits making “single
point” thermodynamic calculations, such as the temperature jump, problems in which rate equa-
tions do not even appear.

In EQ6 reaction path models, the two types of equations are coupled in the mathematically for-
mal sense, but the solution of each is performed semi-independently. Each type of calculation is
performed alternately, the output of one becoming the input to the next execution of the other.
For example, in moving a step forward in reaction progkgsthe rate equations are integrated.

This defines new values for the temperature, the pressure, and the total number of moles of the
components, which are inputs to the following thermodynamic calculation. This in turn gives a
new distribution of species, from which may be calculated values for the rates of the irreversible
processes at the new point. If accuracy tests on the ODE integration are satisfied, these rate values
are then used in making the next integration step. Otherwise, the step size may be cut until those
tests are satisfied.

When the rate chosen to constrain an irreversible process is a relatideé rak&) (the rate func-

tion is either a constant or a simple function of the overall reaction progress vdaf)aéhén

EQ6 operates in the mode of arbitrary kinetics (all irreversible processes constrained by relative
rate expressions, no time variable in the model), these rates can be integrated by simple closed-
form expressions. It is therefore possible to take arbitrarily large step sizes, subject only to the
following conditions.

In the case of closed and open system calculations, the rate of an irreversible reaction is set to
zero when the corresponding thermodynamic driving force, the affinity, is no longer positive. Af-
finities are outputs of the thermodynamic calculations. EQ6 locates the point of reaction progress
where the affinity goes to zero. If the corresponding reactant is a mineral, then this means that
the aqueous solution has reached saturation. The code then changes the status of the reactant to
inactive (meaning it is effectively removed from the set of reactants). Any remaining mass of the
reactant is then moved into thquilibrium systemTitration calculations are very similar to

closed system calculations, but the rate of an irreversible reaction is not set to zero when satura-
tion is reached, and the remaining reactant mass continues to be added to the equilibrium system
according to the rate law.

The rate of an irreversible reaction rate also becomes zero when the associated “reactant” be-
comes exhausted, no matter what kind of system model the code is dealing with. The user spec-
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ifies how much of a reactant is available at the start of the run. The code then finds the point of
reaction progress at which exhaustion occurs.

The purpose of this chapter is to review the governing equations pertaining to calculations in
EQ6. The following section reviews the algebraic equations that govern thermodynamic equilib-
rium calculations. All of these equations have been discussed in the EQ3NR Theoretical Manual
and User’s Guide (Wolery, 1992b), although some of the equations have some slight differences
in the way they pertain to EQ6. The final section of this chapter discusses the equations dealing
with reaction progress, reaction rates, temperature, and pressure.

3.2. Constraints on Thermodynamic Calculations

3.2.1. Mass Balance

Mass balance in EQG6 takes on a slightly different form than in EQ3NR. All species appearing in

the equilibrium system contribute to mass balance. In EQ3NR, this system consisted only of the
agueous phase. However, in EQ6 it also includes minerals and other substances in equilibrium
with the aqueous solution. A second difference is that in EQ3NR, mass balance was treated in

terms of molal concentrations. In EQ6, it is treated in terms of numbers of moles. The molal con-
centration of thes-th aqueous species\) is related to the corresponding number of matgks (

by the equation:

mg = — ®3)

whereQ is the number of moles of water $5.51) comprising a mass of one kilogram apds
the number of moles of water.

A general expression of mass balance forsthe -th basis species in an equilibrium system com-
posed of aqueous solution, pure minerals, and solid solutions, is:

St ®r WUr Ory
z UgNg + z UgoNe * z z UsgyNoy = M8 4)
s=1 n="1 ih=1 ao=1

This is an extension of the mass balance equationinigg@3NR (Wolery, 1992b), in addition
to the conversion from molalities to numbers of moles. Heigethe number of agueous species

in the systemgr is the number of minerals of fixed composition present and in equilibrium with
the waterypt is the number of such solid solution phases,casqnqJ is the number of components

in they-th solid solution. Alson(pis the mass of the-th pure mineral present,; is the mass

L
of theo-th component of the-th solid solution, andy is the total number of moles ofsthe -
th basis species. The stoichiometric factoig;( Uggs a”dusmp ) relate the contributions of the

agueous, pure mineral, and solid solution species to the mass balance. For non-basis species,
these factors are computed from reaction coefficients; the factor for a basis species in its own
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mass balance is unity. There is such a mass balance equation for each of the basis species present
in the model except thgs-th, the fictive aqueous speciBs.

The present version of EQ6 actually uses mass balances defined in terms of chemical elements.
Thus, for thee-th element, the appropriate expression is:

St Pr Wr  Ory
z Cssns+ z qu)n(p+ z z CEGL|JnGL|J = nT,s ()

s=1 mn=1 =1 aoa=1

The factorscES c...,andc are the coefficients of this element in the chemical formulas for

eQ’ eoy
thes-th aqueous species, tip¢h pure mineral, and tleeth component of thg-th solid solution,
respectively. This equation is equivalent to eq (4) if the set of active basis species contains no
auxiliary basis species.

If an auxiliary basis is present, the number of basis species minus one is greater than the number
of chemical elements. Hence, there is then a greater number of corresponding mass balance equa-
tions in the model constraints.

3.2.2. Charge Balance

The charge balance equation comes into the calculations if a redox parameter is needed to com-
plete the model, which is generally the case. The fictive aqueous species is the corresponding ba-
sis species, and the primary redox parameter is the oxygen fugacity. From this, other redox
parameters can be calculated, sucklape, or Ah (see Wolery, 1992b). The charge balance
eqguation can be written as:

o7
ZZ!;nS =0 (6)

wherez is the electrical charge. This is analogous to eq (5), except that the weighting factors are
different and there are no terms for non-aqueous species.

In practice, the initial model computed by EQ3NR may be either charge balanced or out of charge
balance. EQ6 can handle either case. EQ3NR calculates the charge imidg)eaicidné end of

it speciation calculation and writes this ongitskup file as the variablelectr. EQ6 then adds
this term into the electrical balance, so that the initial charge imbalance is maintained throughout
the run. In other words, eq (6) is replaced by:

DT
-A,+ ZZSI’]S =0 (7)
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3.2.3. Mass Action

A mass action equation describes thermodynamic equilibrium for a given chemical reaction. The
reactions on the EQ3/6 data file are always written so as to destroy the associated non-basis spe-
cies (e.g., the dissociation reaction of an agueous complex, the dissolution reaction of a mineral).
All other species appearing in the reaction are basis species. The mass action exprgghion for
reaction for the destruction of the associated species, denoted herethsttiees the following

form when the associated species is not a gas:

Q
bij loga; + bSBongf02+ z bS.J-Iogag = Iong (8)
s=1
S # Sn

Here the reaction coefficierttsare negative for reactants and positive for products, following the
usual EQ3/6 convention. The symbakpresents thermodynamic activity of the species denoted
by the subscriptKj is the equilibrium constant. The fictive agueous sg&cieshesg-th spe-

cies. The symbaot implies a basis species. If the associated species is a gas, the corresponding
mass action equation is:

Q
bij logf; + bSBongf02+ z bgjlogas. = Iong (9)
s=1
S #Sn

Here the fugacityf{ appears in place of the activity of thth species. Currently EQ6 does not
treat the possible existence of a gas phase in the equilibrium system. Hence, eq (9) is used only
to compute equilibrium fugacities.

Thermodynamic activities are treated by the following familiar relations. In the case of solvent
water, the activity is given by:

loga,, = logx,, +1ogA,, (10)

wherex,, is the mole fraction of water in the aqueous solutioignd is the corresponding mole
fraction activity coefficient. The mole fraction of water is given by:

x = Q
W O+Sm

(11)

whereZm s the sum of the molalities of the solute species. For the i-th aqueous solute species,
the activity is given by:

loga; = logm +logy; (12)
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wherey, is the corresponding the molal activity coefficient. Fopitiepure mineral, the activ-
ity is a constant:

log a, = 0 (13)

For theo-th component of th&-th solid solution, the activity is defined analogously to that of
solvent water:

Iogam'J = Iogxm'J + Iog)\GLLJ (14)

H(i‘l’@(oqJ

tivity coefficient. The mole fraction of the-th component of th&-th phase is given by:

is the mole fraction of the component ar&qJ is the corresponding mole fraction ac-

n
X = —o (15)

oy o1y

> Moy

— a

whereo; " is the number of components in the components ip-thghase.

3.2.4. Activity Coefficients of Aqueous Species

Activity coefficients are functions of solution composition, temperature, and pressure. However,
there is no recognized single universal set of equations for calculating them in aqueous solutions.
Instead, there are various equations that each have their own strengths and weaknesses. Each
must provide not only the molal activity coefficients of the solute species, but also the mole frac-
tion activity coefficient of water (or equivalently, its activity). Several different models have

been programmed into EQ3/6. These are discussed in detail in Chapter 3 of the EQ3NR Theoret-
ical Manual and User’s Guide (Wolery, 1992b).

The activity coefficient option is specified on theut file by the option switclopgl. The ex-
isting options are:

-1 The Davies (1962) equation.
0 The B-dot equation (Helgeson, 1969).
1 Pitzer's (1973, 1975, 1979, 1987) equations.

The Davies equation and the B-dot equation are simple extended Debye-Huckel models. The ac-
tivity coefficients are treated as functions of the ionic strength:

DT

= z mszi (16)

=1
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These models ignore any dependence on the specific composition of the aqueous solution. This
is realistic only in dilute solutions, and these options should not be used in calculations involving
solutions in which the ionic strength exceeds 1.0 molal. In comparison with the best physical
chemistry measurements, inaccuracy is apparent at values less than 0.1 motah, Ehp, and
neadata files may be used with the Davies and B-dot equations. A large number of chemical
components may be treated using these models.

Pitzer’'s (1973, 1975, 1979, 1987) equations treat the activity coefficients as functions of both the
ionic strength and the specific composition of the aqueous solution. strength. These equations
may be applied to concentrated brines (e.g., Harvie, Mgller, and Weare, 1984mwIlaadpit

data files may be used with Pitzer’s equations. A more restricted set of chemical components may
be treating using Pitzer’s equations.

The mole fraction activity coefficient of water and the molal activity coefficients of aqueous sol-
ute species are evaluated by the EQLIB modaoteff.f The coding of new models is relatively
easy. The most troublesome aspect of adding new models with any applicability to concentrated
solutions is the input of the necessary supporting data.

3.2.5. Activity Coefficients of Solid Solution Components

The activities and activity coefficients of solid solution components are defined on the usual
mole fraction scale. The treatment of solid solutions in EQ3/6 is currently limited to simple mo-
lecular mixing models. These are models in which the components are end members, equivalent
to pure minerals. The existing capabilities are described elsewhere (Chapter 4 of the EQ3NR
Theoretical Manual and User’s Guide, Wolery, 1992b; Wolery, 1979, Table 3, p. 12-13; Bourc-
ier, 1985. 1989) and require coding not only for evaluating the activity coeffiaigiiug also

the derivative functiom\ = (d logAi/d log %), wherei andj both denote components.

3.2.6. Saturation Indices and Affinities

Saturation indices and affinities are important because they are measures of the thermodynamic
driving forces behind the progress of irreversible reactions. These quantities form an important
bridge between calculations that are purely thermodynamic and those that pertain to dynamic
evolution. If there is no positive driving force for a reaction, it will not proceed in the forward
direction. Unless the user has specified titration mad®(I1 = 1), EQ6 sets a calculated rate

to zero when the corresponding driving force is zero or opposed to further progress. The affinity
function also appears directly as a parameter in some important kinetic rate laws, as will be noted
later in this chapter.

The saturation index3() is a commonly used measure of the state of an aqueous solution with
respect to the progress of some reaction, usually the dissolution of a mineral. It is defined by:

S|l = log— 17
ogK 17)

+

whereQ is the ion activity productAP), K is the equilibrium constant, and the subscript “+”
denotes that these quantities pertain to the reaction as written for the dissolution/dissociation/de-
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struction of the associated species (the forward direction in EQ3/6). Saturation indices are zero
for the case of exact saturation, negative for undersaturation, and positive for supersaturation.

In expanded EQ3/6 nomenclatu€eis evaluated for theth reaction according to:
Q
IogQﬂ- = bij loga, + bSBongfo2 + z bgjlogag (18)
s=1
S#5n

Here must; be substituted fog if the i-th species is a gas. Because the present version of EQ6

does not treat the possible presence of a gas phase in the equilibrium system, ion activity products
and saturation indices for reactions for destruction of gas species are not currently evaluated.

The saturation index of thi-th solid solution phase can be constructed from the saturation in-
dices of its components according to:

OT, W

Sly = Y *5Sloy (19)
ao=1

This can be easily derived by creating a reaction for the dissolution of the phase by making a lin-
ear combination of the reactions for the individual components.

If a solid solution is present in the equilibrium system, the thermodynamic activity of each of its
components that is also present is defined and eq (18) and hence eq (19) can be evaluated. Of
course, the saturation index of each of the components, hence that of the phase, will of necessity
have a value of zero, so this is not very interesting. However, if a solid solution is not present,
the thermodynamic activity of each of its components is not directly available, and egs (18) and
(19) by themselves are inadequate to determine a saturation index. The scheme presently used in
EQ3/6 is to define a hypothetical saturation index as that corresponding to the composition which
maximizes the value of this index (Bourcier, 1985, 1989).

The affinity is closely related to the saturation index. Affinities may be defined for both the for-
ward (“+”) and reverse (“-") directions of a reaction. In EQ3/6, “forward” means in the direction
of dissolution/ dissociation/destruction of the associated species. Hence, “-” signifies precipita-
tion/association/production of the associated species.

Following these conventions, the affinity to dissolve/dissociate/disappear is related to the satu-
ration index by:

A, = —-2.30RTSI (20)
The affinity to precipitate/associate/form is related to the SI by:

A = 230RTSI= —A 21)
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When the affinity is positive, it means that the reaction is thermodynamically favored to move in

the corresponding direction. Note that affinity has the dimensions of energy per mole (of reaction
progress). Also, the affinity to precipitate/associate/form follows the same sign conventions with
respect to supersaturation/undersaturation as the saturation index.

3.3. Constraints Related to Reaction Progress

3.3.1. The Reaction Progress Variable

The reaction progress variablg (s a measure of the extent to which a reaction has proceeded.
Any chemical reaction can be written in the following format:

aA+ bB+... = cC+dD+... (22)

HereA, B, etc. are reactant§, D, etc., are products, aalb, c, d, etc., are the reaction coeffi-

cients (all positive when written in this form). There are two equivalent ways to describe a com-
plex chemical process, such as rock/water interaction. The first is to consider it as an array of
simple reactions. Here the reaction coefficients are constants and are usually chosen to be small
integers or common rational numbers such as 1/2, 1/4, etc. The second is to view the whole pro-
cess as a single reaction, whose reaction coefficients are generally neither “nice” numbers nor
constants along a reaction path.

In EQG, reaction progress variables are used to describe only the reactions that are irreversible
(not at equilibrium). The irreversible process is defined by an array of simple irreversible reac-
tions, corresponding to the first case described above. Each of these reactions has its own asso-
ciated progress variablg&). There is in addition an overall reaction progress varigpte( the

process as a whole, which corresponds to the second case described above.

It is possible to define progress variables for reversible reactions as well. This is done in some
methods for making thermodynamic calculations (See Van Zeggeren and Storey, 1970), in which
case these parameters are used as iteration variables in place of masses or concentrations of com-
ponent species (in this usage, reaction progress variables are generally symbdlizestdad

of &.) This type of treatment is not used in EQ6, however.

Reaction progress variables are commonly defined in the following differential form (e.g., Hel-
geson, 1968; Lasaga, 1981a):

dn, . dn- .
a8, = —Dd = = 42 8d = (23)
J a C:
] ]
dn dn
d¢ = —?A = .. = +TC = ... (24)

Herej denotes an irreversible reaction. The total change in the mass of a component must be the
sum of the changes due to the individual reactions. Hence,
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Z dnA, j (25)

i=1
and so forth foB, C, D, wherej is the total number of individual irreversible reactions. Then
coefficients of the overall reaction are related to those of the individual reactions by

Z aJ%_LEE (26)
i=1
and so forth fob, ¢, andd. The quantitydEj/dE (also symbolized \qrs? ' ) is called the relative
rate of thg-th irreversible reaction.

The motivation behind the reaction progress variable is to normalize the effect of the reaction co-

efficients that appear in a given reaction. Recasting eqgs (23) and (24) in terms of derivatives leads
to the following results.

_:I_ng = a 27)
:IQC = ¢ (28)
_dd_? - a (29)
: dr;C =c (30)

These equations lead to the derivative equivalent of eq (25):
)T
dnA _ dnA
d¢ £ dg

i=1

(31)

and so forth foB, C, andD.

Following the usual EQ3/6 convention for writing reactions on the data file, the reaction coeffi-
cients p) are intrinsically negative for reactants. Switching to this notation, eqgs (27) and (28) can
be written for the-th component without regard to whether it is a reactant or a product:

dn

Similarly, egs (29) and (30) can be written as:
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dn, .

whereb; is the coefficient of this component in the overall reaction. Eq (26) can be written as:

z by %IT!EE (34)

i=1

It should be clear that changes in the quantities of the compohdit€, D, etc., can be ob-
tained by integrating with respect to the appropriate progress variable. For the case of an individ-
ual reaction, this gives:

&1

J’ bij dEj (35)

&i.0
where the subscripts 0 and 1 signify two successive points along the reaction path. Because the
coefficients in this equation are constants, integration of this equation yields the following result:

whereAEj = EJ- 1—Ej o - This result leads to a more immediate understanding of the reaction

progress variable. Basically, it says that the change in the number of moles of compoeent
to reactiorj is proportional to the changedp Thus, wherAEj =1 An j = bij

The overall reaction equivalent of eq (35) is:

&1
= J’ b;d¢& (37)
<o

However, the overall reaction coefficidmt  is not in general a constant. Substituting eq (34) into
eq (37) and integrating gives:

z bj; A, (38)

i=1
This is the central equation used to calculate irreversible mass transfer in EQ6. Note that it de-
pends on integrating the relative ratd§;(dg ) with respect to the overall reaction progress vari-

able.
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3.3.2. Reaction Rates and Time

The user of EQ6 specifies for each irreversible reaction a function for either the relative rate or
the absolute ratedﬁj/dt , also symbolizedljas ). If a relative rate function is specified, then the

evaluation of eq (38) is straightforward. If an actual rate is specified, then a relative rate function
is derived from this as shown below. Time is not defined unless at least one actual rate specifi-
cation is included in the model to be calculated. The scheme used here to handle relative rates
and time when calculating a kinetic reaction path is very similar to that described by Helgeson
and Aagaard (1979) and Helgeson and Murphy (1983). It differs in two ways (Delany, Puigdo-
menech, and Wolery, 1986). First, the approach is extended to allow mixing of relative rates with
absolute rates in defining a problem. Second, it allows consideration of the kinetics of reactions
proceeding in the backward direction.

In reaction progress mode (no time franga} simply the integration variable and no further def-
inition is required. In time mode, this is not the case. A convenient definition is then given by:

K
&= 3 &l (39)
i=1
wherejk is the number of irreversible reactions constrained by actual ratejjaissiually
equal tg1, but may be lesser if relative rates are directly specified for some of the irreversible

reactions). In the treatment of Helgeson and Aagaard (1979) and Helgeson and Murphy (1983),
the overall reaction progress variable is defined as the sum of the individual reaction progress
variables instead of as the sum of their absolute values. The motivation behind the definition giv-
en in eq (39) becomes clearer by differentiating it with respect to time. Lettapyesent the

overall rate @& /dt), the result can be written as

JK
=3 “
i=1

Having defineds, one can now calculate relative rates for the irreversible reactions constrained
by absolute rates:

rel _ \_/1
Vj =y (41)

The inverse rated{/d¢ or v, ;) can be similarly calculated:

1
Vin = § (42)

It is then possible to calculate absolute rates for irreversible reactions which are constrained by
relative rates:

rel

v, =V, (43)
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The progress increment for th#h irreversible reaction can be calculated for a reaction progress
step by integrating the relative rate (Helgeson and Aagaard, 1979; Helgeson and Murphy, 1983;
Delany, Puigdomenech, and Wolery, 1986):

31
AE; = J’vjdE (44)
%o

Similarly, a time increment can be calculated for a reaction progress step by integrating the in-
verse rate:

&2
At = J’ vy 4d& (45)
&1

This has the advantage of allowing one to§iae the independent variable in calculations either
reaction progress mode or time mode. Furthermore, in the latter mode, it allows the calculations
to extend to the case in which time reaches infinity (Delany, Puigdomenech, and Wolery, 1986).
This would not be possible if time were used as the independent variable. Chapter 8 discusses the
evaluation of egs (44) and (45) when the relative rates and the inverse rate are represented as trun-
cated Taylor’s series.

3.3.3. Rate Laws Programmed into EQ6

Rate laws are coded into the EQ6 modtdalc.f. The rate laws must be written in terms of pa-
rameters that currently appear in the code. For example, Lasaga (1981a) proposed a rate law for
feldspar dissolution that is explicitly linked to the sorption of hydrogen ion on the feldspar sur-
face. Such a rate law can not be dealt with in the present version of EQ6, because there is no pro-
vision for treatment of sorption (surface chemistry) phenomenon (development of such a
capability is planned; McKenzie et al., 1986). Also, at the present time, the use of kinetic rate
laws is restricted to the dissolution and precipitation growth kinetics of solids.

A more detailed discussion of rate law modeling in EQ6, including a discussion of the underlying
scientific foundation and the presentation of several examples, is given by Delany, Puigdome-
nech, and Wolery (1986). The discussion here will be somewhat abbreviated. All rate laws eval-
uated by EQG6 describe net rates. However, the code permits the user to apply to each irreversible
reaction one rate law for the net forward (e.g., dissolution) reaction and another for the net back-
ward (e.g., precipitation) reaction. For some types of rate laws, one of these forms can be speci-
fied to apply to both net forward and backward rates, the actual net direction being determined
by the sign of the calculated rate.

The forward rate law for tharc-th irreversible reactant is determinedilg(nrc) , which is read
from the input file (See Chapter 5). Currently available choices are:

nrk Rate Law

-1 Use specified backward rate law formdk must be 1, 2, or 4).
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0 lllegal value.
1 Relative rate.
2 Transition-state theory.
3 Constant rate (proportional to surface area).
4 Activity term rate law.
The backward rate law is specified fipk(nrc) . Currently available choices are:
nrpk  Rate Law
-1 Use specified forward rate law formrk must be 1, 2, or 4).
0 Instantaneous equilibration.
1 Relative rate.
2 Transition-state theory.
3 Constant rate (proportional to surface area).
4 Activity term rate law.

If both forward and backward forms are given for an irreversible reaction, the sign of the affinity
determines which form is evaluated. Some rate laws yield rates that are always consistent with
the reaction affinities; that is, the sign of the rate always matches that of the thermodynamic driv-
ing force, and the rate is zero when that driving force is zero. The transition state theory and ac-
tivity term rate laws have this property. For such rate laws, one form (forward or backward) can
be used to describe the net reaction rate regardless of the sign of the affinity (the user, however,
must decide whether or not this is really appropriate). For other rate laws, it is important to re-
member that EQG6 truncates the calculated rate (sets it to zero) in the absence of a favoring ther-
modynamic driving force.

The following discussion is patterned after Delany, Puigdomenech, and Wolery (1986). In gen-
eral, net rate expressions can be written for both the forward (+) and backward (-) directions, thus

separately defining; and v, (orv;e' and vjre' ), in terms of forward and backward rate constants,
respectively. In the code, which form is evaluated depends on the sign of the affihjrt)ﬁ. If is
positive or zero, the forward form is evaluated; otherwise, the backward form is used.

There is no justification for the use of elaborate expressions for relative rates. Only one expres-
sion for relative rates is programmed into EQ6, a truncated second-order Taylor’s series in over-
all reaction progress. The two forms are:

rel 1 2
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rel 1 2
_Vj = k_, 1j + k'-,ZjE + ék_, 3JE (47)

Herek, ;; and_;; are forward and backward rate constants. Values for these are entered on

theinput file when this rate law is selected. Normally, relative rates are specified as constants;
i.e., only the first term on the right hand side is used. Picking reasonable values for relative rates
is not easy even then. One useful rule of thumb when modeling the interaction of a rock with a
water is to pick the relative rates of dissolution of the minerals in the rock such that they are pro-
portional to their abundances.

The transition-state theory (TST) rate law takes the forms:

n A

iT+j T, +, ij _._.......l.._+"

—f K D +n|] RTE

Vi =15 > +IJD|_| %‘ 0 (48)

i=1 0
i
s D TD

— D nl] 0 |R
i=1 =

Heres is the total surface area of the phase dissolving iptthereversible reaction. The factor

fj is a fudge factor representing the proportion of effective to total surface area; normally, it is
taken as unity. The net forward form provides for treaiting parallel mechanisms. For each,
there is a rate constar, (;) akinetic activity productand a term that depends on the affinity
(A+). The kinetic activity product (which can be symbolizedag; Delany, Puigdomenech,

and Wolery, 1986) depends on the thermodynamic activitieg of species, each raised to a
non-zero power characteristic of the mechanidn ;). The kinetic activity product has a value

of unity if nr 4 j = 0. The kinetic activity product most often reflects the dependence of the reac-

tion mechanism opH, and usually consists of just the activity of the hydrogen ion raised to some
power (See Delany, Puigdomenech, and Wolery, 1986). The affinity factor goes to zero when the
affinity goes to zero, forcing the reaction rate to do likewise. This factor also depends on the gas
constantR), the absolute temperatufg)(and a stoichiometric factoo ;) that relates the af-

finity of a macroscopic reactiod( ;) to that of the corresponding microscopic or elementary re-
action @, /0. jj). The stoichiometric factor is usually taken as having a value of unity. The net
reverse form parallels the net forward form. If one desires to use TST to describe the kinetics of
both the net forward and reverse directions, one ought ordinarily input to the code only one of

the above forms and direct the code to use it regardless of the sign of the affinity @atrpk ,
as appropriate, to -1).

The transition state theory rate law is probably the most important of the kinetic rate laws used
in EQ6. For an introduction to the theory suitable for geochemists, see Aagaard and Helgeson
(1982) or Lasaga (1981b). Note that the TST rate law is a function of the chemistry of the aque-
ous solution, but is not an explicit function of time.The rate law for quartz dissolution and growth
proposed by Rimstidt and Barnes (1980), though written in a slightly different form, is equivalent
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to a one-term form of the above equation (See Delany, Puigdomenech, and Wolery, 1986). More
recent work on quartz dissolution by Knauss and Wolery (1988) suggests a two-term form, re-
flecting a region opH in which the rate is independentd and essentially follows the behavior
observed by Rimstidt and Barnes (1980), and a region of hpgther which the rate increases

with increasingoH. The transition state theory rate law form has also been applied to the disso-
lution kinetics of many other minerals, especially feldspars and other silicates (e.g., Helgeson,
Murphy, and Aagaard, 1984; Wollast and Chou, 1985; Knauss and Wolery, 1986, 1988; Murphy
and Helgeson, 1987, 1989). This is currently a very active field, and it is not possible here to sum-
marize all the progress to date or even to name all of the investigators who have made important
contributions to the field. A number of significant works were cited previously in Chapter 2.

Transition state theory has the strongest theoretical foundation among the various rate laws
which have been applied to the kinetics of mineral dissolution and growth (see for example La-
saga, 1981b; Aagaard and Helgeson, 1982; Delany, Puigdomenech, and Wolery, 1986). Never-
theless, the reader should be aware that in aqueous geochemistry it has been used primarily
merely to provide a mathematical form which can be used to explain some measurements. Such
explanations may not be unique, even within the scope of the theory itself. The actual mecha-
nisms, and even the number of mechanisms required to explain available data, may be open to
debate.

As eqs (48) and (49) used in the present version of EQ6, the species whose activities may appear
in the kinetic activity product must all be aqueous species. Several investigators (e.g., Lasaga,
1981a; Wollast and Chou, 1985; Murphy and Helgeson, 1987; Carroll-Webb and Walther, 1988)
have developed transition state theory models for mineral dissolution in which speciation on the
surface of the mineral is treated in the rate model. Two approaches to incorporating such models
into a code such as EQ6 are possible. One is to try to treat the surface speciation implicitly in the
rate expression, so that the rate expression is still evaluated in terms of the activities of aqueous
species instead of those of surface species with which they are in equilibrium (see Lasaga, 1981a,
for an example). The other approach is to treat surface speciation in an explicit manner, just as
agueous species are normally treated. The number of moles of surface species would then be in-
cluded, for example, in calculating mass balances. Kinetic activity products could then include
contributions from surface species in the usual manner. This is a more rigorous and general ap-
proach, and may be implemented in future versions of EQ6.

Another problem concerns the issue of rate dependence on patrticle size when ultrafine particles
are present (e.g., Holdren and Berner, 1979; Petrovich, 1981ab). Attempts have been made to
quantify this (e.g., Helgeson, Murphy, and Aagaard, 1984; Talman and Nesbitt, 1988). No ex-
plicit treatment of this is provided in the present version of EQ6. It is possible, however, to use
the special reactanteature to create a second form of a reactant mineral, with a higher dissolu-
tion rate, in order to make a first-order simulation of the presence of a component of ultrafines.

The constant rate “rate law” forms are:

v, = fisk

i = T1iSKe ) (50)

v = fisk,

i 1 (51)
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The rate is not actually constant unless the surface area is constant. There is no dependence of
this rate law on chemistry, which is unrealistic. However, this rate law is still of some usefulness.

The activity product term rate law forms are:

T +j D"T+ ij 0
_ + nuD
v = fis ¥ Ky, i |-| (52)
| =1 n =1 D
Tni D" ] 0
_ nuD
v =fis § k 'JDI_l a, (53)

i=1
The parameters have essentially the same practlcal meaning as in the TST equations. The activity
product term rate law is the next most useful form after transition state theory. Whereas a one-
term transition state theory form is not unusual and has the property of giving a result that is al-
ways consistent with the affinity, the activity product term rate law usually has four terms, and
the terms and the rate constants are normally adjusted so that result is consistent with the affinity,
which does not appear explicitly in the equation. If so, and if this rate is to govern both dissolution
and growth kinetics, only one form should be input to EQ6. The archetype of the activity product
term rate law is the rate law of Plummer, Wigley, and Parkhurst (1978), which has been applied
mainly to the dissolution and growth kinetics of carbonate minerals. The theoretical basis of this
rate law does not appear to be as firm as that of transition state theory. Also, the experimental
data to which this rate law has been fit can be explained equally well by a one-term transition
state theory form (Delany, Puigdomenech, and Wolery, 1986).

3.3.4. Temperature and Pressure

In most EQ6 runs, the temperature and pressure are constants. However, for many processes, the
temperature and/or pressure change along the reaction path. EQ6 is set up to deal such changes,
provided that the user defines these changes as functions of the overall reaction progress variable
or of time.

The present version of EQ6 does not make corrections for pressures off the pressure-temperature
curve established on the data base. The standard curve is 1.013 bar (1 atm) Up, taritDthe
steam/water equilibrium curve at higher temperatures. Thus, pressure is currently parameterized
as a function of temperature. Plans call for removing this limitation in the future (McKenzie et

al., 1986); pressure will then be treated in the same fashion as temperature.

Temperature is specified as a function of the overall reaction progjésthé code is operating

in reaction progress mode (no time frame;itipeit file variableioptl is set to 0). It is specified

as a function of time (t) if the code is operating in time manfeX set to 1). As discussed pre-
viously, the code uses reaction progress as the primary independent variable in reaction path cal-
culations, even in time mode. Nevertheless, one can still specify the temperature as a function of
time, which is itself calculated as a function of reaction progress using eq (45). Two functional
forms for specifying the temperature are presently available in EQ6.
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If the input file variablejtemp is set to 0, the code treats temperature as a third-order polyno-
mial:

2 3
T = Tyt kpyX + kpoX™ +KpgX (54)

HereTy is the temperature at x = 0 axdb either¢ ort, depending on the value of tmput file

variableioptl. If this variable is set to 0, the code is in reaction progress mode=anidOther-
wise,Xx =t.

If jtemp is set to 1, the temperature changes according to a fluid-mixing scenario. A second aque-
ous solution is assumed to be present as a special reactant. The temperature is then given by:

_ Tokry + &kpy

55
‘E+kT1 (59)

This equation assumes that the two fluids have equal heat capacitie$ ketee temperature
of the first fluid andky, that of the second.(The parametgyils the ratio of the mass of the first

fluid to the mass of the second fluidéat 1. Normally the starting mass of the first fluid is very
close to 1 kg, and 1 “mole” of the second fluid is also defined to be very close to 1 kg. If the rel-
ative rate of addition of the second fluid to the first is fixed at 1.0 (a logical choice, as this corre-
sponds to a 50:50 mix), thé&p, can be taken as unity. Becauggmust be defined as a constant,

the relative rate of the reactant fluid must also be constank(ig.andk, 3; must each be set

to 0).
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4. Types Of EQ6 Calculational Models

4.1. Introduction

EQ6 calculational models can first be broken down into “single-point” thermodynamic equilib-
rium calculations and reaction path calculations. A single point thermodynamic calculation is es-
sentially just the special case of a reaction path with no steps. Reaction paths may be calculated
for titrations, irreversible reaction in closed systems, and irreversible reaction in certain well de-
fined types of open systems. Such calculations may be in reaction progress mode or time mode,
depending on the absence or presence of actual rate laws.

The purpose of this chapter is to discuss the various kinds of calculations EQ6 is capable of mak-
ing, to note the assumptions peculiar to the different kinds of calculational scenarios, and to in-
troduce some of the corresponding kgyut file parameters. A comprehensive discussion of the
input file is presented in Chapter 5.

4.2. “Single-Point” Thermodynamic Calculations

4.2.1. General Discussion

Single point thermodynamic calculations are useful for several purposes. For example, suppose
an EQ3NR calculation shows that an aqueous solution is supersaturated with several minerals.
An single point calculation can find which of possibly many such minerals would actually be
present if the system were to reach thermodynamic equilibrium. A single point calculation with

a temperature jump can be used to calculate the high tempeiratiepH and other properties

of an aqueous fluid in an autoclave experiment from measurements made on quenched fluid sam-
ples. A single point calculation is specified on the E it file by settingkstpmx = 0. This

variable is the maximum number of steps of reaction progress that will be taken before the pro-
gram terminates execution of the current problem.

4.2.2. Precipitating Supersaturated Phases

An aqueous solution may be supersaturated with respect to a large number of minerals. EQ6 can
be used to calculate the assemblage of aqueous solution plus minerals that would result if the
agueous system reached thermodynamic equilibrium. In general, only a few of the phases that
supersaturate the solution prior to precipitation appear in the final assemblage. This is a result of
the common ion effect. For example, if the water is supersaturated with respect to more than one
aluminum-bearing mineral, precipitation of any one of these minerals reduces the concentration

and thermodynamic activity @3, thereby lowering the saturation index of all aluminum-bear-

ing minerals. EQ6 finds the correct phase assemblage through a trial and error process discussed
in Chapter 7. As part of the calculation, EQ6 determines any changes in the amount of solvent,
thepH, theEh, etc., that result from the precipitation of the mineral phases. An example of such

a calculation is presented in Chapter 6.

This type of calculation typically occurs at the beginning of every EQ6 calculation, whether or
not it is to be made for just one point. Precipitation of supersaturated phases (so that no solubility
is exceeded) is a default condition. Any mineral loaded into memory is eligible to be precipitated
unless the user suppresses it. This may be done using eithepgitesubset selection suppres-
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sion options or thexmod suppression option (see Chapter 5 for discussion of these options).
Exceptions to the subset selection suppression options may be spezifigel{ see Chapter 5).

By using the subset selection suppression ogtiloim conjunction with the exceptions option,
the user may specify just those minerals which are not to be suppressed.

4.2.3. The Temperature Jump

A temperature jump occurs when the temperature at the start of an EQ6 calculation does not
match that of the initializing calculation done by EQ3NR or a previous run of EQ6. Temperature
jumps may occur at the start of a reaction path calculation, as well as in a single point calculation.
At the present time, pressure is constrained to be a function of temperature (a limitation of the
current thermodynamic data files), so a correspongliegsure jumpnay occur as well. When
generalized pressure corrections are available in EQ6, independent pressure jumps may also be
possible.

EQ6 detects a temperature jump by calculating the starting temperature from the relevant param-
eters specified in the top part of iheut file (tempcQ jtemp, tk1, tk2, andtk3; see Chapter 5)

and comparing it with the temperature of the previous calculagampi) which appears on the

bottom part of thenput file.

The temperature jump is useful for calculating the thermodynamic properties of an aqueous so-
lution when the measurements (apdf Eh, etc.) pertain to samples of the fluid that have been
heated or cooled from the temperature of interest (such mssitgtemperature of an autoclave).

Such sampling and measurement are normally carried out so as to avoid mineral precipitation.
Thus, all mineral precipitation should be suppressed in the calculationsxdjtesubset selec-

tion suppressioall (see chapter 5) is convenient for this purpose. Thus, one can use EQ6 to es-
timate than situ orat temperaturgopH in an autoclave experiment from measurements including
the quench (room temperatup). Other properties, such as thesituoxygen fugacityEh, pe
saturation indices, reaction affinities, and equilibrium gas fugacities, are also calculated. An ex-
ample of such a calculation is given in Chapter 6.

It is also possible to use a single point temperature jump calculation to find the quench properties
that correspond to a fluid generated in an elevated temperature reaction path simulation. For pur-
poses of comparing experimental results with theoretical simulations, it is better to estimate the
in situ properties from the measured quench properties than to calculate the quench properties
corresponding to the simulations. One may have to conduct a series of simulations in order to
arrive at a satisfactory model for a single experiment. One might therefore have to perform a larg-
er number of calculations to obtain the quench properties from the simulations than would be re-
quired to obtain theé situproperties from the experiment.

4.3. Reaction Path Calculations
There are three major system models for of reaction path calculation in EQ6:

* Titration (hmodI1 = 1).

* Closed systermfnodIl = 2).
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* Fluid-centered flow-through open systenm(odI1 = 3).

HerenmodIlis a parameter which appears onitipit file. Another possible system model, not
currently implemented in EQ6, would be a solid-centered flow-through open system. Any of the
above system models can be modified so that the system behaves as though open to a large ex-
ternal reservoir of gas. This results in models with fixed fugacities for the relevant gas species.
The “closed” system model is therefore partially open under this option.

Reaction path calculations may be long and complex. The step size control mechanism is a major
factor in determining the run time. In its normal calculational mode, EQ6 generates finite-differ-
ence approximations of the iteration variables used in the thermodynamic calculations, using

data from the most recent points of reaction progress. It uses these to generate starting estimates
at a new point. The step size is normally constrained to a range in which these approximations
are accurate. Furthermore, EQG6 also normally constrains the step size in the process of locating
phase boundaries (where a phase either appears or disappears). A consequence of these step size
control factors is that the state of the reacting system is usually calculated at numerous points of
reaction progress between those for which printed or plotted output is generated.

When operating in time mode, the finite-difference predictor functions (here generated for both
algebraic master variables and rate functions) must be kept accurate in order to get an accurate
integration. The normal phase boundary location constraints must also be operative. Full accura-
cy constraints are also required for any type of flow-through model, in time mode or not. All of
these conditions require the use of normal calculation mode. However, in reaction progress mode
with nmodI1 = 1 or 2, significant reduction in run time may be achievable by modes employing
more relaxed constraints on the step size.

EQG therefore offers two special calculational modes for obtaining shorter runEcoaemy

modeis selected by settingmod|2 = 1 (see Chapter 5). This loosens the general step size con-
straints associated with maintaining accuracy in the finite-difference predictor functions. It caus-
es EQG to operate in a calculational mode more like that of PHREEQE (Parkhurst, Plummer, and
Thorstenson, 1980). Economy mode does not compromise the code’s abilities to locate phase
boundariesSuper economy modeay be selected by settinghodl2 = 2. In this mode, the step

size is typically larger, usually matching the desired print interval. In super economy mode, the
code does not locate phase boundaries. Selection of economy mode or super economy mode is
disallowed when other model constraints (suchraedl1 = 3) require normal calculational

mode.

The pre-Newton-Raphson optimization algorithm in the present version of EQ6 has limited ca-
pabilities (see Chapter 7). This often causes the subsequent hybrid Newton-Raphson iteration to
fail to converge when the code is run in economy mode or super economy mode. The code then
recovers by cutting the step size so as to obtain convergence. Thus, usage of these calculational
modes often fails to produce any real economy. The use of these modes in the present version of
EQG6 is therefore not recommended.
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4.3.1. Simulating a Titration Process

4.3.1.1. General Discussion

A titration process involves the addition of reactants to a system. This option is selected in EQ6
by settingnmodI1 = 1 on thenput file. The titration mode of EQ6 is strictly non-kinetic, so only
relative rates may be specified. The concept of relative rates was explained in Chapter 3. In the
titration model, if there is only one reactant, its relative rate is usually set to 1.0. The number of
moles of reactant reacted is then normally numerically equivalent to the reaction progress vari-
able¢.

The titration concept is illustrated in Figure 2. At each step of reaction progress, a small quantity
of reactant (represented by the small cubes) is added to the contents of the flask, which is a sys-
tem comprised of the aqueous solution and any product phases. After each addition, the incre-
ment of reactant dissolves and any product phases re-equilibrate with the aqueous solution.
Usually some secondary phases are transients- that is, phases that disappear later on in the pro-
cess. The growth and dissolution of such phases proceeds at whatever rate is required to maintain
solubility equilibrium.

If the aqueous solution becomes saturated with a reactant (in equilibrium with it), then the sub-
stance continues to be titrated into the aqueous system according to the governing relative rate
law. In the titration model, the calculated rate functions are not truncated by the absence of a ther-
modynamic driving force, as they are under the closed systemd(1 = 2) and fluid-centered
flow-through open systemmnodI1 = 3) options. However, the mass increments under the con-
dition of saturation effectively do not dissolve, but merely accumulate as secondary mass of the
same substance. It is as though the small cube in Figure 2 simply fell to the bottom of the flask
without dissolving.

A reactant that is titrated into the system can be any kind of substance: a mineral, non-mineral
crystalline solid, a glass phase, a “whole” rock, a gas, or another aqueous solution. The key point
is that each reactant must have some stoichiometry. It may or may not have any defined thermo-
dynamic stability (if not, then it is always unstable, and there is no possible saturation condition).
A more detailed discussion about reactants and how the user of EQ6 deals with them is presented
in Chapter 5.

4.3.1.2. Fluid Mixing

A good example of a titration model is fluid mixing. The reactant in this case is a second aqueous
solution. It is entered on theput file as aspecial reactan{jcode = 2). The composition of one

mole of this substance is given that file. See Chapter 5 for details. For agueous solution reactants,
the recommended procedure is to equate one “mole” with the mass of solution containing 1 kg
of solvent water. The composition of such a solution must be determined by a separate EQ3NR
calculation. The special reactant composition of this solution can be conveniently extracted from
the EQ3NRpickup file.

One aspect of fluid mixing calculations in EQ6 is that the mass of the system being titrated, and

the contained mass of solvent water, increases dramaticafly= 8t the mass of solution is
around 1 kg and the solvent mass = 1 kg (barring any equilibration at this poi§ty Atusing
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Figure 2. Conceptual model of a titration process. A reactant is added in small increments (depicted as small

cubes) to a system consisting of an aqueous solution and various product minerals. Dissolution of each increment
of reactant changes the fluid chemistry, driving the formation of product phase (depicted by the diamond-shaped

and tabular crystals on the bottom of the flask).

the above recommended definition of one “mole” for an aqueous solution, the mass of solution
is around 2 kg and the mass of solvent water is also around 2 kg.

It is possible to run such a calculation in which the two waters being mixed have different tem-
peratures (See Chapter 5). Here, the user spgteirep = 1 on thenput file. The temperature

of the first aqueous solution (the one the second is being titrated into) is spedégped The
temperature of the second water is givetkds The ratio of the mass of the first water to that
contained in one “mole” of the second is specifietkas With the above definition of one
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“mole” of aqueous solutiotk1 = 1. This temperature calculation currently assumes that the heat
capacity of the two initial waters and all mixtures of the two is the same.

4.3.1.3. Evaporation

Evaporation can be thought of as a sort of negative titration, in which the titrating substance, sol-
vent water, is removed from the system rather than added to it. An evaporation run is easily set

up by declaringd,0;) a reactant and specifying a negative relative raulg,.ellf is setto -1, then

each unit advancement®torresponds to the removal of 1 mole of solvent. Recall that the num-
ber of moles of water in 1 kg is about 55.51. Assuming the usual case in which there is an amount
of aqueous solution containing 1 kg of solvent, the upper practical limgi{gpecified by the
parameterzimax, see Chapter 5) would be about 55.51. If the extent of evaporation would in-
crease the ionic strength above about one molal, the user should specify an activity coefficient
option that is valid for the case of highly concentrated salt solutions. In the present version of
EQ3/6, the only option suitable for this is Pitzer's equaticoysyl = 1).

4.3.2. Calculating the Reaction Path in a Closed System

Calculating the reaction path in a closed system is conceptually and calculationally very similar

to the case of computing a simulation of a titration process. This option is specifiedrigputhe

file by nmodI1 = 2 (1modI1 = 0 defaults taimodI1 = 2). The conceptual process is illustrated

in Figure 3. The chief difference between the closed system model is that the unreacted masses
of reactants are considered toibb¢he systeminstead of outside it. A small increment of the re-
maining mass of each reactant dissolves at each step of reaction progress. The effect is the same
as in the titration model, with one exception.

In the closed system, a reactant that saturates may be treated in one of two ways. If a precipitation
kinetics rate law is specified for such a reactant, then the unreacted mass is treated according to
the rate law specifications, as is the case under the titration option. However, if no such rate law
is specified, then all of the unreacted mass is immediately transferred to secondary mineral status.
The governing rate function is then set to zero. This is primarily a consequence of there being no
material left to react, although it is also true that some rate laws (see Chapter 3) evaluate to zero
when the driving affinity is zero. In this case, the rate description of the formation/dissolution of
the phase shifts from the specified rate law to the rate that is consistent with keeping the reaction
at equilibrium.

4.3.3. A Fluid-Centered Flow-Through Open System

The fluid-centered flow-through system is a special type of open system which follows the evo-
lution of a particular packet of water as it flows through a medium. This option is specified on
theinput file by nmodI1 = 3. The medium could be a fracture, a pipe, or a porous medium. The
concept is illustrated in Figure 4. Reactants are presumed to line the medium in homogeneous
fashion and interact with the fluid packet as it passes by. Alternatively, there may be no reactants,
only a change in temperature or pressure. Either way, secondary phases form as a result. As the
packet moves on, it physically separates from the masses of secondary phases produced. The re-
sult is that transiently formed product phases do not have the opportunity to redissolve in that
particular packet of fluid. A consequence is that overall equilibrium can be achieved sooner in
terms of reaction progress than is the case in the closed system.
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Figure 3. Conceptual model of irreversible reaction in a closed system. The reactant is represented by the large
cube, which dissolves in increments represented by layers. Product minerals are represented by the diamond-
shaped and tabular crystals on the bottom of the flask.

Calculationally, it is not necessary to separate the masses of secondary pure minerals at each step
of reaction. It is only necessary to make sure that no mass (actually there is a small but finite lim-
it) of any such phase is destroyed. More of a problem results when solid solution products are
involved. Because their composition is in general continually changing, they must be removed

as they form. This is not done on every reaction progress step, but is rather goverdathpy a
interval (dlzidp) specified on thenput file. It causes such a transfer of material evdrydp

units of reaction progress. If only pure minerals are allowed to form, the default vdla&pf

is pseudo-infinite (and therefore has no effect on the calculation).

4.3.4. A Solid-Centered Flow-Through Open System

A fundamentally different type of flow-through system would focus on the evolution of solids
interacting with a mass of fluid which is either continuously or discretely recharged by a fresh
supply of aqueous solution of fixed composition. This concept is illustrated in Figure 5. Such an
option is not currently programmed into EQ6. This system closely matches the scenario in many
flow-through interactions experiments (for example, the feldspar dissolution rate experiments re-
ported by Knauss and Wolery, 1986). The system of primary and secondary solids and the mass
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Figure 4. Conceptual model of irreversible reaction in a fluid-centered flow-through open system. The packet of
water is shown in light gray. The arrow marks the direction of flow. The reactant is represented by the small cubes.
The product minerals, depicted by diamond-shaped and tabular crystals, stick to the medium and become physi-
cally separated from the packet of water. Note that no product minerals appear ahead of the package of water,
which is the first packet.

of aqueous phase about them is equivalent to the contents of a leaching cell. The replacement wa-
ter must be specified as a reactant, and appropriate specification of the replacement process must
also be made. The input of fresh aqueous solution is balanced by the output of an equivalent
mass.

4.3.5. Systems Open to External Gas Reservoirs

This option has been described elsewhere (Delany and Wolery, 1984). It assumes that the react-
ing system (of any of the above discussed types) is in contact with a large external gas reservaoir,
such that specified gas species move to or from that reservoir in order to maintain specified fixed
fugacities in the reacting system. Models of this type may be appropriate for describing weath-
ering at the earth’s surface, reactions in soils, geochemical interactions in partially saturated (in
the hydrologic sense) rock formations, and reactions in certain kinds of experimental configura-
tions. The gas species most likely to be appropriately treated by this optiop andCO..
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Figure 5. Conceptual model of irreversible reaction in a solid-centered flow-through open system. Water flows in

at a constant composition and flows out at another, variable composition. The direction of flow is shown by the
arrows. The reactant is represented by the cubes. The product minerals are depicted by diamond-shaped and tab-
ular crystals. All solids are constrained to remain physically in the system.

This option is invoked by specifying each gas to be so treated, the desired fugacity, and an op-
tional mass of the gas to be added to the system at the start of the run. Calculationally, the “ex-
ternal reservoir” is treated as part of the reacting system, and the desired fugacity is maintained
by the solubility equilibrium for a fictive mineral whose composition is identical to that of the

gas. Without the presence of such a phase, the desired fugacity is really only an upper limit. That
is the reason for the option to add mass of the gas component to the system. This permits the user
to saturate the system. The mass of such a fictive mineral is finite and may be exhausted. The
user may wish to choose the initial addition of mass of gas to the system in order define a point
at which the external reservoir of the gas is exhausted.

The idea behind using a fictive mineral is as follows. Reactions for the dissolution of gas species
are maintained on the data file in order to permit the calculation of equilibrium fugacities. Such
a reaction is illustrated by the case @D, gy

CO,g + HaOyy = H' +HCO, (56)
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The corresponding mass action equation is:

I + 1 —logf —1 = logK 7
oga . ogaHCO_3 ogfco, - loga,, = log CO (57)

Now consider the parallel reaction for the dissolution of the corresponding fictive mineral

(COys):

+ -
COZ(S) + HZO(D = H +HCO; (58)
The corresponding mass action equation is:

| + | —1 =

oga_.+log aHCO_3 oga, = log KCOZ(S) (59)
(the thermodynamic activity of a pure solid is unity). Subtracting eq (56) from eq (58) and eq (57)
from eq (59) respectively yields:

COys = COyg) (60)

and

—logKeq (61)

logf = logK
9ico, 9Rco,. 29)

C]
This shows how a fixed fugacity model can be imposed by equilibrium with a fictive solid. A
slight rearrangement of eq (57) shows how to choose the equilibrium constant for the fictive min-
eral:

logKco, - = l0gKeo +logfeq (62)
2(s) 2(9) 2

Invocation of this option causes the corresponding gas reaction and its thermocﬂ?ﬁ%‘lmibe
copied into the corresponding mineral data arrayslddk function is then modified according
to eq (57).

4.3.6. Changing Temperature and Pressure

The temperature and pressure of most reaction path runs are both constant. However, it is possi-
ble to make calculations in which they vary as a function of reaction progress or time. In the
present version of EQB6, the pressure is parameterized as a function of temperature. It is not yet
possible to use EQ6 to calculate models in which the pressure varies independently. The means
of executing this type of option are described in Chapter 5. This is a particularly useful option to
use in conjunction with the fluid-centered flow-through system mode of calculatiood(1 =

3). This combination permits calculation of consequences of heating and cooling as a packet of
water moves through a pipe, fracture, or other medium.
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5. The EQ6 Input File: Setting Up The Problem

5.1. Input File Characteristics

We examine in this chapter the E@@ut file. This file is the means by which the user specifies

a problem to be solved by the code. The user must supply a comgatéddile, and the results
obtained may differ if the problem is run with more than one such data file. Some examples of
EQ6input files are presented in this chapter, and the reader will find more examples, along with
the correspondingutput files, in Chapter 6 and Appendix E.

The reader is already presumed to be familiar with the companion code EQ3NRrgn ifite

structure and contents as described in the EQ3NR Theoretical Manual and User’s Guide (Wol-
ery, 1992b). Water compositions intended for use in reaction path calculations can not be directly
input to EQG. Instead, they must first be processed through EQ3NR. The necessary data is then
written on the EQ3NRickup file, which is then used in constructing input for EQ6.

The EQGnput file is physically analogous to the EQ3MNfRut file and is processed during code
execution in like manner. Like the EQ3Niput file, it presently exists in one of two formats.

“W” format, the original format, is a compact form more suitable for use by experienced users.
“D” format is a menu-style format that is much less compact, but which may be easier to use for
less experienced users. The present manual will focus more on the “W” format, as this naturally
leads into a discussion of the relevant code variables. Some examples will be given of problems
presented in both formats.

An EQ6input file of either format contains a title field to provide space for internal documenta-
tion. In addition, arinput file may contain remarks in comment lines. These are marked by an
asterisk in column one and are analogous to comment lines in FORTRAN source code. They may
appear anywhere in theput file.

Like EQ3NR, EQ6 writes an “instant echo” of tin@ut file on theoutput file. This is particu-

larly helpful in identifying the causes of read format errors, which most commonly occur when
a line is missing or out of the proper sequence. This feature also provides a recoidmftthe

file used for a given run. However, it does not include comment lines. If necessarynpubst

file may be recovered (less comment lines) by extracting the echo fraytihe file.

The number of lines in an EQ@put file in either format is variable. Whether or not some po-
tential lines appear in a given file depends upon the contents of other lines. Some items, such as
blocks of data for the set of reactants, appear in succession until a terminator appears. Certain
options, if invoked, require corresponding additional lines of input.

Users deal with species in terms of their names, which are 24-byte character variables. There are
no species index numbers for users to bother with. Internally, EQG6 sets up its own internal index-
ing schemes at run time. The species names given amptltefile must match perfectly with

those on the data file used or the code will not recognize them. In such a case, the code will write
an error message and terminate activity on the current problem input.

The recommended way of creating a neput file is to use an old one as a template. This works
best if the old one is as close as possible to the desired new one. To this end, a representative
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selection of sample input files is included in the distribution package for EQ3/6 (Wolery and
Daveler, 1992a). The distribution package also includes some software which converts input files
in “W” format to “D” format. Using this template approach reduces the necessary knowledge a
user must have concerniigput file formats, and minimizes the need to consult the related doc-
umentation.

Structurally, the EQ@put file consists of two parts. The first or top part contains: text docu-
menting the problem; various model options (e.g., closed vs. open system, time frame vs. no time
frame; solid solutions or no solid solutions); various print and debugging options; specification
of irreversible reactions (“reactants”) and corresponding rate law parameters; and tolerance and
setscrew parameters which affect the numerical behavior of the code.

The second or bottom part corresponds to the EQablrip file. When EQ3NR writes this part,

it contains: text documenting the EQ3NR problem; some model options which carry over from
EQ3NR to EQ6; and a compact description of the aqueous solution. EQ6 writes fickown

file, which is a completeput file that can be used to continue a reaction path calculation from
the point reached at the end of the current run. In such a case, the bottom part of the file, the text
documenting the EQ3NR problem is replaced by text describing the EQ6 problem, and the com-
pact description of the aqueous solution is replaced by a compact description of the equilibrium
system (agueous solution plus phases in equilibrium with it). There is an option to read the “bot-
tom” part of the input for a problem directly from the EQ3piBkup file. This is rarely used

and its use is currently not recommended.

In normal usage, users should not alter the contents of the bottom painplithie as written

by a previous EQ3NR or EQ6 run, except for the alter/suppress optiomsised, below).

These options permit suppressing the formation of individually selected species, or changing the
equilibrium constants that determine their formation. Pure mineral species may also be sup-
pressed using subset-selection options (8ept, below) that appear on the top part ofitiput

file.

Technically, multiple problems may be specified on an KRGt file, in which case there is a

top and bottom part for each problem. However, such stacking is almost never done, owing large-
ly to the complexity of a reaction path problem and the execution time required to solve it. In
fact, it is sometimes convenient to break a given problem up into run segments, each of which
corresponds to a single code execution. Each new segment is started usingpas fiie the

pickup file generated for the previous run segment. The advantage of this approach is that a code
user can check the results of a short run segment, especially a the start of the problem, to confirm
that the calculation is really proceeding as intended.

The problem input for a given code execution must be entirely in one format. That is, it is not
possible to mix “W” and “D” formats in any way, such as “W” format for one problem and “D”
for a second, or “D” for the top part and “W” for the bottom part. Because EQ3NR writes its
pickup files in the same format as the correspondipgt files, the user should run EQ3NR in
the same format that he intends to use with EQ6.

Any EQG6input file depends on the results of a previous EQ3NR or EQ6 run. Those results de-
pend in turn on thdatal file used. Thus, the contents of any E@gut file also depend on that
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datalfile. Running thisnput file with a differentdatal file is a dangerous practice. Running

with a different kind oflatalfile, such as substituting tisemfile for thehmw file, should never

be done. The problem may not run at all. If it does, the results may be markedly different than if
thedatalfile now employed had been used consistently through the entire calculational chain of
previous EQ3NR and EQ6 runs. Even substituting a more recent version of the same kind of data
file may cause such problems. Use of the alter/suppnasso() options have the potential to

cause similar problems. It is safest to invoke these options in the EQ3NR run which initiates a
given calculational chain.

The “W” formatinput file is read by moduleeadz.f, which in turn calls moduleeadrt.f to read

blocks of rate law input. The source code for these modules is extensively documented internally
by of comment lines. On-line access to the source code of this module may helpful to users, serv-
ing as a kind of on-line documentation. The “D” fornmgdut file is read by the module

rdénew.f, which calls a number of other modules in carrying out this function (the EQ6 modules
rd6sup.f, rd6ff.f, rd6rea.f, rd6tol,f, rdmole.f, rd6log.f, andrd6prs.f, and the EQLIB modules
rdtypO.f, rdastr.f, rdtyp6.f, rdtyp7.f, andrdtyp8.f). The source codes of these modules may

also be helpful to users as on-line documentation.

5.2. Using the Input File: General Discussion

The purpose of this section is to address the major functional concerns regarding the use of the
EQG6input file, discussing for each the relevant features and variables. Because the discussion
will involve the relevaninput file variables, it is somewhat slanted in terms of illustration to-
ward the “W” format. An understanding of the concerns discussed here are critical, however, to-
ward the proper use of both the “W” and “Diput file formats. This section does not address
every variable that appears on thut file. Technical details regarding each such variable, and
how it is handled on theput file in either format, will be given in the following sections of this
chapter.

EQ6 will stop if a reaction path has reached a point of overall thermodynamic equilibrium. This
occurs in the closed or fluid-centered flow-through open system models when all reactants are
either exhausted or have saturated the aqueous solution. The code also stops if, in time frame
mode, the time has extended to infinity. Timeut file also provides several arbitrary controls on

the length of a run segment. The paramaiteax is an upper limit on the value of the overall
reaction progress parametad, (). This limit will be located exactly #i1l would otherwise ex-

ceed it. The parametémemx is an upper limit on time (in seconds). It is not located exactly,

but the code (when operating in the time frame mode) will stop after the first step which exceeds
this limit (recall that the code always uses reaction progress as the independent variable). The
parametekstpmx is the maximum allowed number of steps in the run segment and perhaps of-
fers the easiest way for the user to control the length of a run. A “single point” thermodynamic
calculation (e.g., precipitate minerals until no supersaturations remain and then stop) is carried
out by settinkstpmx = 0.

The parametecplim is a limit on the number of computing units used. A computing unit is an
administrative measure of the usage of a computer, and is installation dependeptint fiea-

ture is not active in the LLNL version of EQ6. If desired, it should be enabled locally at installa-
tions at which the consequence of exceeding the predetermined limit on computing units is
catastrophic termination resulting in pigkup file being generated. A call to a local system rou-
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tine must be provided to return the number of computing units used. Several commented-out ex-
amples are given in the EQ6 source code. The vale@iaf should be sufficiently less than the
actual administrative limit for EQ6 to write a pickup file and terminate before catastrophic ter-
mination occurs.

EQ6 does not print the state of the geochemical system being modeled at every step of reaction
progress. It does give such a print when a significant event occurs, such as the precipitation of a
new secondary phase or the point of exhaustion of a reactant phase. Apart from these kinds of
print points, the user may specify three kinds of print intervals, one linear in reaction progress
(dzipr), the second logarithmic in reaction progredzp(lg), and the third defined in terms of

the number of steps since the last print pdieppmx). The print points generated by the first

two of these variables are independent of the occurrence of the other kinds of print points men-
tioned above. The logarithmic print interval usually provides the best spacing of detailed infor-
mation. A too-small value of the linear print interval could produce a lot of not very useful
printout. Consequently, the default value for the linear print interval is pseudo-infinite, which
turns off this print control mechanism. Reasonable values for the logarithmic print interval range
from 0.25 to 1.0. The default is 0.5. The defaultkgppmx is 25.

There are three general option switch arrays, which are analogous to those in EQ3MPBt The
switches are model option switches. Tdyr switches are print option switches, anditiah

switches are debugging print options. In general, these switches do not correspond specifically
to their EQ3NR counterparts. For exampdptl in EQ6 determines whether the code runs in
ordinary reaction progress mode (no time frame) or kinetic reaction progress mode (time frame).
In contrastjoptl in EQ3NR determines the choice of redox variable used in the problem input.
This function has no meaning for EQ6. Conversely, the functimptl in EQ6 has no meaning

for EQ3NR. Some of these option switches, however, are the same for both codes. However,
there are also some cases in which the same specific function exists for both codes but is not as-
signed to the same option switch. As was the case for EQ3NRgdtnewitches should all be

set to zero, except in debugging runs.

The activity coefficient options are specified on the bottom part of the input ypineand

iopg2 option switches. Thmopg option switches, which deal with activity coefficients, have the
same meanings as in EQ3NR. The user should make the desired selections in the initializing
EQ3NR run. It is not advisable under most circumstances to later change these options without
going back to EQ3NR and repeating the initializing calculation.

Much of the work in intelligent reaction-path modeling involves deciding which secondary phas-
es will be allowed to precipitate. The EQ6 code itself can decide if a given phase must precipitate
in order to avoid supersaturating the aqueous solution. The code does not know, however, wheth-
er it would make more sense, geochemically speaking, to precipitate the phase or to allow the
supersaturation. The default condition is that EQ6 will precipitate the phase. Every mineral read
from those on the data file is a potential candidate. The user, however, can specify that precipi-
tation of certain phases is to be suppressed. There are two methods of doing thigoomn fhe.

The first method is to use the subset-selection suppression options for pure minerals. The param-
eter nxopt is the number of such options given on the file. The two options, entarepgs),
n =1, nxopt, areall andalwith. If all is usednxopt should be 1 and ralwith options should
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appear. Eachlwith option requires a separate entry, and must be followed by an argument
(uxcat(n)) that is the symbol of a chemical element on the data file. Undell thyation, all pure
minerals are suppressed. Undeabdmith option, those minerals containing the specified ele-
ments are suppressed. Note that the sub-set-selection suppression options do not apply to solid
solutions. They may be extended to do this in the future. At the present time, however, solid so-
lutions must be either all suppressed by settipgt = 0 or by suppressing each individual solid
solution vianxmod alter/suppress options (see below).

Exceptions to thall andalwith options may also be specified. The parametepexis the
number of exceptions. The names of the exceptions are enteneopas(j,n), j =1, 2,n =1,
nxopex Thus, to allow only amorphous silica, kaolinite, and ferric hydroxide as potential pre-
cipitates, one would specify on thmput file:

nxopt =1
uxopt(1) =all
nxopex =3
uxopex(1) = sio2(am)
uxopex(2) = kaolinite

uxopex(3) = fe(oh)3

Note that this situation is the complement of the normal one where every mineral read from the
data base is allowed to precipitate. To suppress precipitation of all potassium and magnesium
minerals, except K-feldspar, illite, and sepiolite, one would specify:

nxopt =2
uxopt(1) = alwith k
uxopt(2) = alwith mg
nxopex =3
uxopex(1) = k-feldspar
uxopex(2) = muscovite
uxopex(3) = sepiolite

The “nxmod” alter/suppress functions (using the paramat&mnsod, uxmod, jxmod, kxmod,
andxlkmod), described sufficient detail earlier in this section, permit suppression of individually
named minerals. More generally, they permit either suppression of a given species (aqueous spe-
cies, pure mineral, gas, or solid solution) or, for aqueous species, pure minerals, and gases,
changes in the associated equilibrium constants. They are also in the EQ3NR code (where they
are relevant only in the case of aqueous species), and are passed on to EQ6 through the pickup
file. Thenxmod alter/suppress options are the only part of the lower half of theififQ6 file

that the user should modify in normal use.

The other major block of input the user must provide ot file defines the reactant phases

and how they react irreversibly in an aqueous geochemical system. The parsictesethe
number of reactants so defined. This number may be zero, for example, if the user wants to cal-
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culate just the consequences of heating or cooling an aqueous solution. If it is not zero, a se-
guence of input blocks follows, one per reactant.

A reactant input block begins with the name of a reactaat(j,nrc)), wherenrc denotes the
nrc-th reactant on the input file). This is followed by a species type fmmtk(nrc), which has
the following meanings:

Pure mineral.
Solid solution.
Special reactant.

Aqueous species.

A W N +— O

Gas species.

A special reactant is a species that is not on the supporting thermodynamic data base. A special
reactant could be a pure mineral, a whole rock (oceanic basalt was treated this way by Wolery,
1978) or a second aqueous solution in a fluid-mixing scenario. Special reactants are specified in
the EQGinput file by listing the number of moles of each component element with respect to
some reference unit, usually moles. The paranet@c(nrc) is a status code that should be left

blank when preparing an EQfput file. The parametanorr (nrc) is the number of reference

units of reactant. If the reactant is a whole rock or second aqueous solution, it is convenient to
use 1 kg mass as the reference unit instead of moles. The pamaodteirc) is the number of
reference units of reactant that have been destroyed. The user should leave this parameter blank
when creating a neimput file, and normally should not change the EQ6-writtemr andmodr

values on gickup file.

If the reactant is a solid solution, the names of the pure mineral end- meuodyets(\,nxr),

] =1, 2, for thenxr-th reactant that is a solid solution) must follow, along with the corresponding
mole fractions. These will be normalized if they do not sum to unity. If the reactant is a special
reactant, a value for the volume (?)mf one mole of substance under the conditions of the run
(vreag(nrc)) may be entered, followed by the symbol for each chemical element

(uesrb(ncb,nsr), where the reactant is ther-th special reactant) and the corresponding number

of moles of the element per mole of special reactant. For special reactants that are whole rocks
or agueous solutions, it is recommended that one arbitrarily equate one mole with a mass of 1 kg.

The surface area of a reactant is read ské@sc). This is given in units of square centimeters.
It is the absolute surface area, not the specific surface area, which might have unftsnol cm

or cm""/g. The surface area may or may not actually be used in the calculations, depending on the
rate options selected. There are currently two possible treatments, determined by the reactant sur-
face area codesk(nrc):

0 Constant surface area.

1 Surface area changes in proportion to the reactant mass.
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The default fosk(nrc) is 100 cmi. The parametdk (nrc) is a fudge factor equal to the ratio of
effective surface area to total surface area. Itis used in the calculations onkk{vinehis used.
Its default value is unity.

The parametensrk (nrc) andnrpk (nrc) are the net forward (dissolution) and net reverse (pre-
cipitation) rate law codes. The various models were discussed in Chapter 3. The optidns for
are:

-1 Use the net reverse formrpk must be 1, 2, or 4).

0 Illegal value.

1 Relative rate law (arbitrary kinetics).

2 Transition-state theory rate lajggde must be 0 or 1).
3 Linea rate law.

4 Activity product term rate lawdode must be 0 or 1).

The options fonrpk are:

-1 Use the net forward fornm(k must be 1, 2, or 4).
Instantaneous adjustment to partial equilibrium.
Relative rate law (arbitrary kinetics).
Transition-state theory rate lajggde must be 0 or 1).

Linear rate law.

A W N +—, O

Activity product term rate lawdode must be 0 or 1).

In addition,nrk andnrpk can not both be 1 or 3 for the same reactant.

Kinetic rate laws in addition to the ones listed above can be added by definimgkneptions
in the moduleeacts.fand making necessary additions to modedert.f, which reads thimput
file, and modulescribe.f, which writes thepickup file.

5.3. “W” Format

A short summary of the contents of the E@gut file in “W” format is given in Tables 1 and 2.
Table 1 is a summary of the complete file, but it refers to Table 2 for the case of rate law input.
Parameters for which it is recommended that the user simply take the default value are marked

by a superscript®.” To take the default value for a given parameter, leave the corresponding
input field blank. Parameters whose input values are subjected to a range test are marked by a
superscript ®.” Following Tables 1 and 2 is Table 3, which lists and describes eachinptte

file parameters. This is followed by an example of an EQGt file in “W” format. More ex-

amples are presented in Chapter 6. A discussion of thargpQ6file in “D” format is given in

the following section of this chapter.

The EQG6input file is fairly lengthy, and it requires some work to learn how to use it. However,
in compensation, EQ6 offers a lot of flexibility by combining many capabilities in a single code.
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Table 1. Short Summary of the E

Parameters

TOP PART

Do n from 1, ending with the string

'‘endit. 'in column 1:
utitl (n)
End do

nmodll, nmodI2
tempcO, jtemp

tk1, tk2, tk3

zistrt, zimax

tstrt, timemx

kstpmx, cplim

dzprnt, dzprlg, ksppmx
dzplot, dzpllg, ksplmx
ifile

ioptl - iopt10

ioptll - iopt20

ioprl -ioprl0

ioprll - iopr20

iodb1 - iodb10
iodb11 - iodb20

nxopt (R)

If nxopt > 0 (have pure mineral subset-selection

suppression options):
Do n = 1,nxopt
uxopt(n), uxcat(n)
nxopex (R)
If nxopex> 0:

Doi = 1,nxopex

-55-

ut file (“W” format, read by modulecadz.f).

Format

(a80)

(12x,i2,22x,i2)
(12x,e12.5,12x,i2)
(3(12x,e12.5))
(2(12x,e12.5))
(12x,e12.5,12x,e12.5)
(12x,i12,12x,e12.5)
(2(12x,e12.5),12x,i5)
(2(12x,e12.5),12x,i5)
(12x,i2)

(12x,10i5)

(12x,10i5)

(12x,10i5)

(12x,10i5)

(12x,10i5)

(12x,10i5)

(12x,i2)

(12x,a6,1x,a12)
(12x,i2)



uxopex(i)
End do
End if
End do
End if

nffg (%)
If nffg > 0 (have fixed fugacity options):
Don = 1,nffg
uffg(n)(1:12) moffg(n),xlkffg (n)
End do
End if

nrct (R)
If nrct > 0 (have reactants)
Don =1,nrct:
ureac(n)
jcode(n), jreac(n)
morr (n), modr(n)
If jcode(n) = 0 (pure mineral reactant):
Specify rate data- see Table 2.
Else ifjcode(n) = 1 (solid solution reactant):
nxr =nxr +1

Doi from 1, ending with the stringndit. 'in the
uendb field:

uendb(i,nxr), rxbarb (i,nxr)
End do
Specify rate data- see Table 2.
Else ifjcode(n) = 2 (special reactant):
nsr=nsr+1
vreac(n)

Doi from 1, ending with the stringndit. " in the
uesrb field:

uesrb(i,nsrt), cesrbi,nsr)
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(12x,a12)

(12x,i2)

(12x,a12,2(12x,e12.5)

(12x,i2)

(12x,a18)
(12x,i2,22x,i2)

(12x,e12.5,12x,e12.5)

(3x,a18,3x,e12.5)

(12x,e12.5)

(3x,a6,3x,e12.5)



End do

Specify rate data- see Table 2.
Else ifjcode(n) = 3:

Specify rate data- see Table 2.
Else ifjcode(n) = 4:

Specify rate data- see Table 2.

End do
End if

dizidp ()

tolbt (P), toldl (P), tolx (O)

tolsat (D), tolsst (D)

screwl(D), screwZ(D), screwS(D)
screw4 (D), screWS(D), screWG(D)
zklogu (P), zklog1 (P), zkfac (P)
dizmx1 (D), dizmx2 (D), nordim
itermx (D), ntrymx (D)

npsimx (D), nsslmx(D), ioscan (D)

LOWER PART

Parameters

Do n from 1, ending with the string
‘endit. 'in column 1:

utitl2 (n)
End do

tempci

nxmod
If nxmod > 0 (have alter/suppress options):
Doi = 1,nxmod
uxmod(i)

jxmod (i), kxmod(i), xlkmod (i)
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(12x,e12.5)
(3(12x,e12.5))
(2(12x,e12.5))
(3(12x,e12.5))
(3(12x,e12.5))
(3(12x,e12.5))
(2(12x,e12.5),12x,i2)
(12x,i2,22x,i2)
(12x,i2,2(22x,i2))

Format

(a80)

(12x,e12.5)

(12x,i2)

(12x,a18)
(12x,i2,22x,i2,22x,e12.5)



End do
End if

iopgl, iopg2, iopg3
iopg4, iopg5, iopg6
iopg7, iopg8, iopg9
iopg10

kct, ksq, kmt

kxt, kdim, kprs

(12x,2,2(22x,i2))
(12x,i2,2(22x,i2))
(12x,i2,2(22x,i2))
(12x,i2)

(12x,i2,2(22x,i2))
(12x,i2,2(22x,i2))

Doi =1,kct:
uelemb(i), mteb(i), mteaqh(i) (3x,a6,9x,e25.15,3%,e25.15)

End do

electr (18x,e25.15)

Doi=1,kdim:
unrms(i), undms(i), zvclgi(i) (3x,a16,3x,a16,3x,e25.15)

End do

If kprs > 0: (have phases in the physically removed system)*:

Doi from 1, ending with the stringndit. ' in theuprs
field:

uprs(i), mprmn (i) (3x,a16,3x,e25.15)
End do

k=i+1

Doi from 1, ending with the stringnhdit. 'in the
uprs(1:8) field:

uprs(i + k)(1:12) (3x,al16)

Doj from 0O, ending with the stringndit. ' in the
uprs(13:20) field:

uprs(k +j +i)(13:24),mprmx(j +1i) (3x,a16,3x,e25.15)
End do
i=i +j

End do
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End if

(D) Default values are recommended (i.e., leave these blank arptitefile).

(R) The range of this variable is checked.

* The input for describing the contents of the physically removed system is conceptually
much simpler than it appears here, owing the manner in which the data are stored.

Table 2. Summary of Rate Law Input (“W” format; read by modedsirt.f).

nsk(n), sk(n), fk(n) (12x,i2,22x,e12.5,12x,e12.5))
nrk (n), nrpk (n) (12x,i2,22x,i2)

Net Dissolution Rate Lawnfk (n) > 0)

If nrk (n) = 1 (relative rate law):
rk(,n),j =1,3 (3(12x,e12.5))
Else ifnrk (n) = 2 (TST rate law):
imech(n) (12x,i2)
Doi =1 toimech(n):
rk (i,n), ndact(i,n), csigmgi,n) (12x,e12.5,12x,i2,22x,e12.5))

If ndact(i,n) > 0 (have species appearing in the activity
product):

Doj = 1 tondact(i,n):
udac(j i,n), cdaq(j,i,n) (12x,a8,16x,e12.5)
End do
End if
End do
Else ifnrk (n) = 3 (linear rate):
rk (1,n) (12x,e12.5)
Else ifnrk (n) = 4 (activity term rate law):
imech(n) (12x,i2)
Doi =1 toimech(n):

rk (i,n), ndact(i,n), csigmg(i,n) (12x,e12.5,12x,i2,22x,e12.5))

-59 -



If ndact(i,n) > 0 (have species appearing in the activity
product):

Doj = 1 tondact(i,n):
udac(j,i,n), cdaqj,i,n) (12x,a8,16x,e12.5)
End do
End if
End do
End if

Net Precipitation Rate Law(pk (n) > 0)

If nrpk (n) = 1 (relative rate law):
rpk(,n),j =1,3 (3(12x,e12.5))
Else ifnrpk (n) = 2 (TST rate law):
ipmech(n) (12x,i2)
Doi = 1 toipmech(n):
rpk (i,n), npdact(i,n), cpsigmgi,n) (12x,e12.5,12x,i2,22x,e12.5))

If npdact(i,n) > 0 (have species appearing in the activity
product):

Doj =1 tonpdact(i,n):
updac(j i,n), cpdadj,i,n) (12x,a8,16x,e12.5)
End do
End if
End do
Else ifnrpk (n) = 3 (linear rate):
rpk (1,n) (12x,e12.5)
Else ifnrpk (n) = 4 (activity term rate law):
ipmech(n) (12x,i2)
Doi = 1 toipmech(n):
rpk (i,n), npdact(i,n), cpsigmg(i,n) (12x,e12.5,12x,i2,22x,e12.5))

If npdact(i,n) > 0 (have species appearing in the activity
product):

Doj = 1 tonpdact(i,n):
updac(j,i,n), cpdadj,i,n) (12x,a8,16x,e12.5)
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End do
End if
End do
End if

Table 3. EQGnput file parameters

utitll Up to 100 lines of text that describe the input problem, terminated by an 'endit.' beginning in col-
umn 1.
nmodI1 Type of physical model:

1 = Titration model.
2 = Closed system.

3 = Fluid-centered flow-through open system.

nmodI2 Economy mode permission switch:
0 = Normal reaction path tracing mode.
1 = Allow selection of economy mode (not currently recommended).

2 = All selection of super economy mode (not currently recommended).

tempcO Initial temperature°C)
jtemp Temperature tracking option:

0 = Power series trackintempc=tempcO+ tk1*zil + tk2*zi1**2 +
tk3*zi1**3)

1 = Fluid mixing tracking (tempc #gmpc0*tkl + zil*tk2) / (zil + tk1))

tk1, tk2, tk3
Temperature tracking coefficients (see above)
zistrt Starting value of the reaction progress variable.
zimax Maximum value of the reaction progress variable.
tstrt The model time, seconds, at the initial value of reaction progress.
timemx The maximum model time, seconds.
kstpmx Maximum number of steps of reaction progress.
cplim Maximum number of computing units (not currently used).
dzprnt Linear print interval, specified in terms of reaction progress.
dzprlg Logarithmic print interval, specified in terms of reaction progress.

-61 -



ksppmx
dzplot
dzpllg
ksplmx

ifile

ioptl

iopt2

iopt3

iopt4

iopt5

iopt6

iopt7

The maximum number of steps between print points.
Linear plot increment specified in terms of reaction progress (not currently used).
Logarithmic plot interval, specified in terms of reaction progress (not currently used).
The maximum number of steps between plot points (not currently used).
Specifies from which file read the lower part of the current problem input:

60 = Read from the filenput.

9 = Read from the filpickup. This refers to the EQ3Npckup file.

Kinetic mode switch:
0 = Reaction progress (arbitrary kinetics) mode.

1 = Reaction progress/time mode (kinetics).

Phase boundary search flag:

0 = The step size is constrained by the locations of the predicted phase
boundaries.

1 = The location of the phase boundaries are estimated from the Taylor’s
series and printed. The step size is not constrained, however.

2 = The locations of the phase boundaries are ignored.

Control flag for the pickup file:
-1 = Do not write a pickup file.
0 = Write a complete pickup fie at the end of the reaction path calculation.

1 = Write a complete pickup file at each print point.

Solid solution flag:
0 = Ignore solid solutions.

1 = Solid solutions are allowed.

Specifies whether mineral masses are transferred to the physically removed system after the initial
equilibrium calculation:

0 = No transfer.
1 = Starting minerals remain but with trivial masses.

2 = Starting minerals are removed.

Specifies whether the physically removed system should be cleared before the first step of reac-
tion progress:

0 = No.
1= Yes.
Specifies automatic basis switching mode:
0 = Off.
1=0n.
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iopt8

iopt9, iopt10

ioptll

iopt12

iopt13

ioptl4 - iopt20

ioprl

iopr2

iopr3

iopr4

Specifies the type of Taylor’s series representation used for the master variables:
-1 = Linear for kcol = all master variables:

0 = Linear for all master variables, unless the machine exponent range is
too small; in that case, logarithmic fiecol = 1,ksq.

1 = Logarithmic for all.

Not currently used.
Specifies whether redox reactions should be suppressed:
0 = No.
1 = Suppresses all redox reactions. This can be a dangerous option. It

should be specified only when the aqueous system being modeled is
indifferent to redox parameters throughout the run.

Not currently used.
Determines how thtab file will be handled:
-1 = Do not write dab file.
0 = Write atab file.
1 = Append to théabx file of a previous run. If thenput file contains

multiple problems, this option applies only to the first. It is reset to O
for any succeeding problems.

Not currently used.

Specifies whether to print the loading and non-loading of species frodath&file into memo-
ry:

0 = No print.
1 = Print.
Specifies whether to print the derivatives of the basis elements at each print point:
0 = No print.
1 = Print.

Specifies whether to print all species loaded into memory, and their associated
log K values:

0 = No print.
1 = Print.
Specifies
-1 = No print.
0 = Print species which have a molal concentration of at least 1.e-12.

1 = Print all agueous species.
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iopr5 Specifies whether to print the catiety/ ion activity ratios at each print point:
0 = No print.
1 = Print.

iopr6 Specifies whether to print the bulk element and oxide composition of the theoretical mineral as-
semblage as each print point:

0 = No print.
1 = Print.
iopr7 Specifies whether to print the mineral saturation states at each print point:

-1 = No print.
0 = Prints for all minerals not undersaturated by more than 10 kcal.

1 = Prints for all minerals.

iopr8 Specifies whether to print a gas species summary at each print point:
0 = No print.
1 = Print.

iopr9 Specifies whether to print a table of mean molal activity coefficients:
0 = No print.
1 = Print.

ioprl0 Specifies whether to print a tabulation of Pitzer coefficients:

0 = Only print warnings for species without coefficients.
1 = Print species name, and number of Pitzer coefficients.

2 = Print species name and names of the coefficients.

ioprll Specifies whether to print the tabulation of major species for each element:
0 = No print.
1 = Print.

ioprl2 -iopr20

Not currently used.

iodb1 Specifies whether general diagnostic messages are printed:
0 = No Print.
1 = Print level 1 diagnostics.

2 = Print level 1 and level 2 diagnostics.

iodb2 Specifies whether to print information describing optimization done before Newton-Raphson cal-
culations:

0 = No print.

1 = Print summary information.
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iodb3

iodb4

iodb5

iodb6

iodb7

iodb8

iodb9

iodb10

2 = Print detailed information.
Specifies whether to print step size and order selection information:

0 = No print.

1 = Print chosen scaling factor.

2 = Print the orders under consideration and their step size scaling factors.
Specifies whether to print details of Newton-Raphson iterations:

0 = No print.

1 = Print summary of Newton-Raphson iterations.

2 = Also print residual functions and correction terms for Newton-Raphson
iteration.

4 = Also print the Jacobian matrix.

Specifies whether to print search.f iterations:
0 = No print.
1 = Print.

Specifies whether to print iterations made to compute hypothetical saturation indices of solid so-
lution phases:

0 = No print.
1 = Print.
Specifies whether to print details of finite difference and derivative calculations:
0 = No print.
1 = Print for calculations for actual rates only.
2 = Print for all such calculations
Specifies whether EQ6 changes the value of the variadis:
0 = Do not changm®db3.

1 = Setiodb3 to 1 whenevedelziis less than or equal thzmx1. Set
iodb3 to 0 whenevedelzi is greater thadlzmx1.

Specifies whether to print kinetics diagnostic messages:
0 = No print.
1 = Print level 1 diagnostics.

2 = Print level 1 and level 2 diagnostics.

Specifies whether to check basis variable finite difference and Taylor’s series
expressions:

0 = No check.

k = Test finite difference and Taylor’s series by calculating values at the fit
points of thek-th algebraic master variable.
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iodb11

iodb12

Specifies whether to check reaction rate finite difference and Taylor’s series
expressions:

0 = No check.

n = Test finite difference and Taylor’s series by calculating values at the fit
points of then-th reaction rate variable.

Specifies whether the killer option is used. This allows the user to interactively
remove species from an attempted species assemblage:

0 = No kill option.
1 = Kill option.

iodb13 - iodb15

iodb16

Not currently used.
Specifies whethemkmatr.f diagnostic prints should be made:
0 = No print.

1 = Print. This routine writes the matrix that is used to estimate derivatives
from finite differences.

iodb17 - iodb20

nxopt

uxopt

uxcat
nxopex
uxopex
nffg
uffg
moffg
xIkffg
nrct
ureac

jcode

Not currently used.

Specifies the number of mineral subset-selection suppression values that will follow.
This variable is used along wittxcat to specify mineral subset-selection suppression:
‘all' = Suppress precipitation of all pure minerals.

‘alwith' = Suppress all solids composed of a specified chemical element
(e.g. 'alwith mg’).

The name of a chemical element. Used in conjunction uxidpt.
Specifies the number of exceptions to the mineral subset-selection suppression option.
The names of minerals that are exceptions to the mineral subset-selection suppress option.
Specifies the number of fixed fugacity gases.
The name of fixed fugacity gas species.
The number of added moles of a fixed fugacity gas.
The logarithm of the desired fugacity for fixed fugacity gases.
The number of reactants.
The names of the reactants.
The reactant type:
0 = pure mineral.
1 = solid solution.

2 = special reactant.
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3 = agueous species.

4 = gas.
jreac The reactant status flag:
0 = React.

-1 = Saturated, but the remaining reactant mass continues to react irreversibly.
There is usually a secondary product mass of the same species, so the
net rate of reaction is zero and the solution does not saturate.

1 = Exhausted.

2 = Saturated. Ihmodl1 = 2, the status of any remaining reactant mass is
changed to that of a product phase.

morr The number of moles of reactant remaining.

modr The number of mole of reactant destroyed.

uendb The names of end members for each solid solution reactant.

rxbarb The mole fraction of each end member of a solid solution reactant.
vreac The molar volume of each special reactant:?/mml.

uesrb The names of the chemical elements composing special reactants.
cesrb The number of moles of chemical element per mole of special reactant.
nsk Surface area flag for reactants:

0 = Fixed surface area.

1 = Fixed specific surface area.

sk Surface area of a reactant,?&m
fk Ratio of effective surface area to total surface area of a reactant.
nrk Dissolution rate law code for a reactant:

-1 = Use the specified precipitation rate lawpk (nrc) must be 1, 2, or 4).
0 = lllegal value.
1 = Relative rate law.
2 = Transition state theory (TST) net rate lgaode(nrc) must be 0 or 1.
3 = Linear rate law.

4 = Activity product term rate law (i.e. the Plummer et al., 1978, rate law
for carbonates)code(nrc) must be 0 or 1.

nrpk The precipitation rate law codblote: you cannot have botirk andnrpk equal to 1, or both
equal to 3):

1 = Use the dissolution rate lawrk (nrc) must be 2 or 4).

0 = Precipitation governed by instantaneous equilibrium, if mineral formation
is not suppressed.

1 = Relative rate law.
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rk
imech

ndact

csigma

udac

cdac

rpk
ipmech

npdact

cpsigm

updac

cpdac

dizidp

tolbt
toldl
tolx

tolsat

tolsst

screwl

screw?2

screw3

2 = Transition state theory (TST) rate lgegde(nrc) must be 0 or 1.
3 = Linear rate law.

4 = Activity product term rate law (e.g. Plummer et al., 1978, rate law for
carbonates)icode(nrc) must be 0 or 1.

Rate constants for dissolution rate laws.
The number of terms in a TST or activity product term rate law for dissolution.

The number of species whose activities appear in either a TST kinetic activity product or a term
of the activity product term rate law for dissolution.

The TST sigma factor for a dissolution rate law.

The name of aqueous species whose activities appear in a TST kinetic activity product or a term
of the activity product term rate law for dissolution.

The exponent of the activity of species in a TST kinetic activity product or a term of the activity
product term rate law for dissolution.

Rate constants for precipitation rate laws.
The number of terms in a TST or activity product term rate law for precipitation.

The number of species whose activities appear in either a TST Kkinetic activity product or a term
of the activity product term rate law for precipitation.

The TST sigma factor for a precipitation rate law.

The name of aqueous species whose activities appear in a TST kinetic activity product or a term
of the activity product term rate law for precipitation.

The exponent of the activity of species in a TST kinetic activity product or a term of the activity
product term rate law for precipitation.

Transfer interval for the removal of mineral phases from the equilibrium system to the physically
removed system.

The convergence tolerance for residual magnitude during Newton-Raphson iteration.
The convergence tolerance for correction magnitude during Newton-Raphson iteration.
The convergence tolerance for search/find algorithms.

The supersaturation tolerance, kcal. EQ6 will not attempt to precipitate a phase if its affinity to
precipitate is below this tolerance. A good value for this variable is 0.0001 kcal.

The supersaturation tolerance above which the program may cut the step size to accurately locate
a phase appearance boundary. This variable must exceed tolsat.

Setscrew for step-size control. It bounds the absolute value of the highest order term in any Tay-
lor’s series, for a basis variable. It is used to choose the order and step size in normal computa-
tional mode, and only the order in economy mode.

Not currently used.

Setscrew for step-size control. It bounds the absolute value of the highest order term in any Tay-
lor’s series for rate functions (kinetic mode only). It also serves a function similar to that of
screwdin testing the estimate error in the absolute time or the reaction progress of any individual
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screw4

screwb
screw6

zklogu

zklogl

zkfac

dizmx1
dizmx2
nordim
itermx

ntrymx

npsimx

nssimx

ioscan

utitl2

tempci
nxmod
uxmod

jxmod

irreversible reaction. If either treerew3or screw4tests are satisfied, for corrector iteration or
step size cuts, no action is taken.

The tolerance of corrector iteration or step size cut, for differences between actual and predicted
rate function values (kinetic mode only).

The maximum magnitude of Newton-Raphson correction term per iteration.
The step size parameter for economy mode. This bounds the change in a basis variable.

Threshold or target value for the logarithm of the number of moles of mineral phases. Itis used in
several related ways:
(1) When the logarithm of the number of moles of a mineral phase does not exceed this value,
EQ6 does not limit the step size to try to keep the corresponding Taylor’s series accurate ac-
cording to thescrewlcriterion.

(2) This parameter is the target logarithm of the number of moles for trying to use Taylor’s
series to locate in advance a phase disappearance boundary.

(3) In the flow-through system mode, it also defines the maximum number of moles
(10741994 a mineral phase the user is willing to let redissolve. This parameter also limits the

number of moles that can be shifted to the physically removed system. Recommended values
are -6. to -10.

Control parameter for the transfer of mass of mineral phases in the equilibrium system to the phys-
ically removed system. The number of moles in the former is reduced by a factd610

Determines the minimum number of moles of a mineral that will be left in the equilibrium system,
after a partial shift to the physically removed system. The minimum number of moles is calculated
as 16X9™"(wherezklgmn = log zkfac + zklogu). If the number of moles is less than this to start
with, no mass is transferred from the equilibrium system.

The step size for order zero.

Upper limit on step size for order greater than zero.

The maximum allowable order in finite difference calculations.

The Newton-Raphson iteration limit.

The maximum number of attempted phase assemblages at any given point of reaction progress.

The maximum number of steps sliding forward to try to get over a critical region around a phase
boundary.

The maximum number of steps sliding forward to try to get over a critical region of redox insta-
bility.

Oxygen fugacity scanning switch:

1 = No scanning is permitted.

0 = Scanning is permitted.
Up to thirty lines of text that describe the previous EQ6, or EQ3NR run.
The temperature’C) at the end of the previous EQ3NR or EQ6 run.
The number ohxmod alter/suppress options.
The name of each species affected byramod alter/suppress option.

The type of species affected by an alter/suppress option:
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0 = pure mineral.
1 = solid solution.
2 = special reactant.
3 = aqueous species.
4 = gas.
kxmod The nxmod alter/suppress option ($aaod anduxmod):
-1 = Suppress.
0 = Replace théog K by xlkmod.
1 = Augment théog K by xlkmod units.

2 = Thelog K changed as if the corresponding Gibbs energy of reaction were
decremented bylkmod kcal/mole.

xlkmod Thelog Kincrement for an nxmod alter option.

iopgl Choice of aqueous species activity coefficient equations:
-1 Davies (1962) equation.:
0 B-dot set of equations.

1 Pitzer’s equations.
iopg2 Choice ofpH scale:
-1 Internal scale of equations used for aqueous species activity coefficients.
0 NBSpH scale.
1 ThepH scale on whichl()ng+ =0 ).
iopg3 - iopgl0

Not currently used.

kct The number of chemical elements in the Jacobian matrix.

ksq The number of aqueous basis species.

kmt The position of the last pure mineral in the Jacobian matrix.

kxt The position of the last solid solution in the matrix.

kdim The dimension of the Jacobian matrix.

kprs Flag indicating that values of the number of moles of mineral phases in the physically removed

system are appended to the input file:

0 = Not appended.

1 = Appended.
uelemb The names of chemical elements in the Jacobian matrix.
mteb The total number of moles of the elements in the equilibrium system.
mteagb The total number of moles of the elements in the aqueous solution.
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Names of data file master species. If an entry in this array does not match the same entry in the

electr The fixed electrical imbalance carried in the calculations.
unrms The names of run master species.
undms
unrms array, a basis switch is to be made.
zvclgi The logarithm of the number of moles of each master species in the equilibrium system.
uprs The names of mineral phases/components in the physically removed system.
mprmn The number of moles of pure minerals in the physically removed system.
mprmx

The number of moles of components of solid solutions in the physically removed system.

Example of an EQéput file in “W” format.

EQ6 input file name= pptminssw.6i

Description= "Precipitate minerals from sea water"
Version number= 3245 Stage number= 01
Created 10/29/90 Creator= T.J. Wolery

Revised 10/29/90 Revisor= T.J. Wolery

Precipitate minerals from sea water, so as to eliminate any
supersaturations.

Purpose: to demonstrate the ability of the code to find an
equilibrium assemblage of minerals and aqueous solution, starting
with a solution which is supersaturated with respect to a great
many minerals.

The sea water composition is taken from the sea water test
case of Nordstrom et al. (1979), as represented by the EQ3NR
test case input file swpar.3i.

The option switch iopt4 is set to 1 to direct the code to
allow the precipitation of solid solutions.

Note that no reaction path is calculated, and no reactants are
defined.

References

Nordstrom, D. K., et al., 1979, A comparison of computerized chemical
models for equilibrium calculations in aqueous systems: In Jenne,
E. A., editor, Chemical Modeling in Aqueous Systems, ACS Symposium
Series, v. 93, American Chemical Society, Washington, D.C.,
p. 857-892.

endit.
nmodll= 2 nmod|2= 0
tempcO= 2.50000E+01 jtemp= 0
tk1= 0.00000E+00 tk2= 0.00000E+00 tk3= 0.00000E+00
zistrt=_0.00000E+00  zimax= 0.00000E+00
tstrt=0.00000E+00 timemx= 1.00000E+38
kstpmx= 000 cplim= 0.00000E+00
dzprnt= 1.00000E+38 dzprig= 1.00000E+38 ksppmx= 100
dzplot= 1.00000E+38 dzpllg= 1.00000E+38 ksplmx= 10000
ifile= 60

* 1 2 3 45 6 7 8 910
joptl-10= 0 0 0 1 0 O O O O O
11-20= 0 0 0 0 0 O O O O O
iopr1-10= 0 0 0 0O 0 0 O O O O
iopr11-20= 0 0 0 0 0 O O O O O
iodb1-10= 0 0 0 0 0 0 O O O O

11-20= 0 0 0 0O 0 O 0 O O O
* nxopt = number of mineral subset-selection suppression options
* nxopex = number of exceptions
nxopt= 0
* nffg = number of gas species with fixed fugacities
nffg= 0
* nrct = number of reactants
nrct= 0

dizidp= 0.00000E+00

tolbt= 0.00000E+00  toldl= 0.00000E+00  tolx= 0.00000E+00
tolsat= 0.00000E+00 tolsst= 0.00000E+00

screwl= 0.00000E+00 screw2= 0.00000E+00 screw3= 0.00000E+00
screw4= 0.00000E+00 screw5= 0.00000E+00 screw6= 0.00000E+00
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zklogu= 0.000 zklogl= 0.000 zkfac= 0.000
dlzmx1= 0.00000E+00 dizmx2= 0.00000E+00 nordim= 0
itermx= 0 ntrymx= 0
npsimx= 0 nssimx= 0 ioscan= 0
*.
* pickup file written by eq3nr.3245R124x
* supported by eqlib.3245R153
EQ3NR input file name= swpar.3i
Description= "Sea water, partial benchmark test case"
Version number= 3245 Stage number= 01
Created 06/08/90 Creator=T.J. Wolery
Revised 06/08/90 Revisor=T.J. Wolery

Sea water, including all solute components present above 1 mg/kg,
plus phosphate, iodide, iron, and aluminum. This is a moderately
pared-down version of swtst.3i, which contains the full benchmark
sea water test case of Nordstrom et al. (1979, Table IIl). An even
more pared-down version of that benchmark sea water test case is
in swmaj.3i.

Purpose: to test the code on an intermediate-sized problem
involving a moderately concentrated solution and to initialize the
EQ6 test case input files swtitr.6i and pptminssw.6i. The first of
these two test cases simulates an alkalinity titration. The second
is calculation of the precipitation of an equilibrium mineral
assemblage so as to eliminate any remaining supersaturations. The
activity coefficients of the aqueous species are calculated from
the B-dot equation and related equations.

The original test problem permits specification of the total
alkalinity instead of total HCO3-. This was expressed in the
following equivalent units:

141.682 mg/L HCO3- (total alkalinity expressed as HCO3-;
not the conventional HCO3 alkalinity)

0.00240659 eq/kg

0.00237625 eq/L

This is equivalent to:
116.208 mg/L CaCOs3 (total alkalinity)

This is the more standard way of reporting alkalinity (see Standard
Methods, 1976).

References

Nordstrom, D. K., et al., 1979, A comparison of computerized chemical
models for equilibrium calculations in aqueous systems, in Jenne,
E. A., editor, Chemical Modeling in Aqueous Systems, ACS Symposium
Series, v. 93, American Chemical Society, Washington, D.C.,
p. 857-892.

Standard Methods for the Examination of Water and Wastewater, 1976,
Prepared and jointly published by the American Public Health
Association, the American Water Works Association, and the Water
Pollution Control Federation: American Public Health Association,
1015 Eighteenth Street NW, Washington, D.C.

endit.
tempci= 0.25000E+02
nxmod= 0
iopgl= 0 iopg2= 0 iopg3= 0
iopg4= 0 iopg5= 0 iopg6= 0
iopg7= 0 iopg8= 0 iopg9= 0
iopgl0= 0
kct= 18 ksg=19 kmt= 19
kxt= 19 kdim= 19 kprs= 0
o 0.556292934873695E+02
al 0.741247535207941E-07
b 0.426650000017602E-03
br 0.842260712858255E-03
ca 0.102874394948167E-01
cl 0.545882260036914E+00
f 0.731640559293086E-04
fe 0.358121295978775E-07
h 0.111019979193190E+03
c 0.202200000033000E-02
p 0.655000000923346E-06
i 0.488556470864836E-06
k 0.102076049345140E-01
mg 0.531495577213419E-01
na 0.468382241336329E+00
si 0.712332506197997E-04
S 0.282312967909961E-01
sr 0.929011641419945E-04
electr 0.941548303390327E-04
h2o h2o 0.174435898352698E+01
al+++ al+++ -0.168757468067617E+02
b(oh)3(aq) b(oh)3(aq) -0.349803404354275E+01
br- br- -0.307840824476432E+01
ca++ cat+ -0.203330616490948E+01
cl- cl- -0.280369740425874E+00
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f- f- -0.425669422361815E+01

fe++ fe++ -0.147603987676824E+02
h+ h+ -0.810795449990283E+01
hco3- hco3- -0.289236023955907E+01
hpo4-- hpo4-- -0.686418890155608E+01
i- i- -0.631347718189878E+01

k+ k+ -0.200082008283642E+01
mg++ mg++ -0.139064657758565E+01
na+ na+ -0.351799312045118E+00
sio2(aq) sio2(aq) -0.428419738323244E+01
s04-- s04-- -0.187869018306158E+01
Sr++ Sr++ -0.409423802648238E+01
02(g) 02(g) -0.164317951929624E+02

5.4. “D” Format

The EQ6input file in “D” format is illustrated by the following example, which is of the same
problem that was just presented in “W” format. The mapping between the two is largely self-ev-
ident. The “D” format EQ@nput file is many ways analogous to its EQ3NR counterpart. The
most immediately obvious characteristic is the use of the “|” character to delimit fields in which
data are entered. The principal option switches are set in blocks in which an asterisk (“*”) is used
to mark the desired choice. If more than one choice is marked for the same option, the code writes
an error message and execution stops. When EQ6 reagsuaiile in “D” format, it immedi-

ately checks the range limits and notes discrepancies in the instant echoutpaiéle. When

the code reads anput file in “W” format, such checks are made after itigut file has been

read.

In “D” format, one does not entefj@de number to define the type of a reactant. Instead, one
uses one of the following strings:

jcode “D”format string Meaning

0 'MINERAL' Pure mineral.

1 'SOLID SOLUTION' Solid solution.

2 'SPECIAL' Special reactant.
3 'AQUEOUS' Aqueous species.
4 'GAS' Gas species.

Although these strings are shown in upper case, the code is actually indifferent to their case. Sim-
ilar strings are treated in the same manner.

Instead of enteringlaxmod number to define the type of anXmod” alter/suppress option, one
uses one of the following strings:

kxmod “D” format string Meaning

-1 'SUPPRESS' Suppress the phase/reaction.
0 'REPLACE' Replace theg K.
1 '"AUGMENTK' Augment thdog K.
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2 '"AUGMENTG' Thelog K changed as if the corresponding Gibbs energy of reaction
were decremented bitkmod kcal/mole.

Example of an EQput file in “D” format.

EQ6 input file name= pptminssw.6i |
Description= "Precipitate minerals from sea water" |
Version number= 3245 Stage number= 01 |
Created 10/29/90 Creator= T.J. Wolery |
Revised 10/29/90 Revisor= T.J. Wolery |

Precipitate minerals from sea water, so as to eliminate any |
supersaturations.

Purpose: to demonstrate the ability of the code to find an
equilibrium assemblage of minerals and aqueous solution, starting |
with a solution which is supersaturated with respect to a great |
many minerals.

The sea water composition is taken from the sea water test |
case of Nordstrom et al. (1979), as represented by the EQ3NR |
test case input file swpar.3i. |

The option switch iopt4 is set to 1 to direct the code to |
allow the precipitation of solid solutions. |

|
Note that no reaction path is calculated, and no reactants are |
defined.
|

References |

Nordstrom, D. K., et al., 1979, A comparison of computerized chemical |
models for equilibrium calculations in aqueous systems: In Jenne,
E. A, editor, Chemical Modeling in Aqueous Systems, ACS Symposium |
Series, v. 93, American Chemical Society, Washington, D.C., |

p. 857-892. |

| [
calculational mode [*normal | economy | Slljpel’ economy|
model type | titration |*closed | open : |
temperature model |*power | fluid mixing I |

c power model --> temp = tstart + tk1*zi + tk2*zi**2 + tk3*zi**3 |
¢ mixing model --> temp = (tstart * tk1 + zi*tk2) / (zi + tk1) |
|

C

tstart(c)] 25.00 |tk1] O. [tk2| O. [k3] O. |
|
I

startingvalue of zi| 0. |max.valueofzi | 0. |

|
|

starting time (sec) | 0. |max.time (sec) |1.00000E+38 |
|

|
max. steps | 0 |max. steps w/o print| 100 |
|

|

linear print interval| 1.00000E+38|log print interval | 1.00000E+38 |
|
|

suppress mineral phases |

|

|
phases w/ elements]| | In
phases except | | In

fixed fugacity phases- species, moles(per kg h20), Iolg fugacity(bars)|
|
|

none | | In

c RATE LAWS

c 1 = relative rate = rk1 + rk2*zi + (1/2)rk3*zi*zi

¢ 2 = transition state theory rate = CHECK DOCUMENTATIONCc 3 = specified rate
¢ 4 = activity term rate rate = CHECK DOCUMENTATION

c REACTANT TYPES

c mineral solid solution special aqueous gas

c

c SURFACE TYPE

¢ 0 = fixed surface area 1 = fixed specific surface area
c

c NOTES
c status and jreac are normally not set by the user

|
|

| reactants (ss) solid solution only  (sp) special reactant only |
|

|
| REACTANT | none |status | |
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options |

- SOLID SOLUTIONS - |
ignore solid solutions |
* process solid solutions |
- LOADING OF SPECIES INTO MEMORY - |
* don't print |
lists species loaded into memory |
- LIST DERIVATIVES OF BASIS ELEMENTS AT EACH PRINT POINT - |
* don't print |
print |
- LIST ALL SPECIES LOADED INTO MEMORY AND THEIR LOG K VALUES - |
* don't print |
i |

print
- LIST DISTRIBUTION OF AQUEOUS SPECIES AT EACH PRINT POINT - |
* only species > 10**-12 molal |
all species |
don't print |
- LIST CATION/H+ ACTIVITY RATIOS AT EACH PRINT POINT - |
* don't print |
print |
- LIST BULK ELEMENT AND OXIDE COMPOSITION AT EACH PRINT POINT - |
* don't print |
print |
- MINERAL SATURATION STATES - |
* print if affinity > -10 kcals |
print all |
don't print |
- LIST GAS SPECIES SUMMARY AT EACH PRINT POINT - |
* don't print |
print |
- PRINT AQUEOUS MASS AND CONCENTRATION TOTALS - |
* don't print |
print |
- TAB FILES - |
* write |
append to previous tabx file |
don't write |
- WRITE PICKUP FILE - |
* write pickup file at end of run |
don't write pickup file |
write pickup file for each print point |
- PHYSICALLY REMOVED SUBSYSTEM - |
* does nothing |
transfer minerals but leave trivial mass in the system |
transfer minerals |
- CLEAR INITIAL PHYSICALLY REMOVED SUBSYSTEM -
* does nothing |
clear p.r.s. before first reaction progress advance |
- PHASE BOUNDARY SEARCH - |
* step size constrained by predicted phase boundaries
phase boundaries estimated from Taylor's series and printed |
locations of phase boundaries ignored |
- AUTO BASIS SWITCHING - |
* off |

on |
- SUPPRESS REDOX REACTIONS - |
* does nothing |
suppress all redox reactions |
- LINEAR OR LOGARITHMIC TAYLOR'S SERIES - |
* linear for kcol = 1,kdim, logarithmic for kcol = 1,kbt |
logarithmic for kcol = 1,kbt |
linear for kcol = 1,kdim |
- AZERO AND HYDRATION NUMBERS - |
* no change |
read in new azero and hydration numbers |
- PRINT MEAN MOLAL ACTIVITY COEFFICIENTS FOR DISSOLVED SPECIES - |
* does nothing |
print |
- PITZER DATABASE INFORMATION - |
* print only warnings
print species in model and number of Pitzer coefficients |
print species in model and names of Pitzer coefficients |
- PRINT DIAGNOSTIC MESSAGES - |
* don't print |
print level 1 messages |
print level 2 messages |
- PRINT PRE-NEWTON-RAPHSON OPTIMIZATION -
* don't print |
print summary information |
print detailed information |
- PRINT STEP SIZE AND ORDER - |
* don't print |
print scale factor |
print orders and step size scaling factors |
- CONTROL STEP SIZE AND ORDER PRINT -
* does nothing |
print step size and order when delzi .le. dlzmx1 |
- NEWTON ITERATIONS - |
* don't print |
print summary of newton iterations
print summary, residual functions and correction terms
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print summary, residual functions, correction terms and matrix |
- PRINT SEARCH ITERATIONS -
* don't print |
print |
- PRINT HPSAT ITERATIONS - |
* don't print |
print |
- PRINT FINITE DIFFERENCE AND DERIVATIVE DATA -
* don't print |
print computations from RDERIV, and RTAYLR |
print computations from RDERIV, RTAYLR, DERIV and TAYLOR
- PRINT KINETICS DIAGNOSTIC MESSAGES -
* don't print |
print level 1 diagnostics |
print level 1 and level 2 diagnostics |
- PRINT AKMATR - |
* don't print |
print level 1 diagnostics |
- KILL ITERATION VARIABLES - |
* does nothing |
allow selection of variables to remove |

development options (used for code development) |
|

|
0 check finite difference and Taylor series expression |
0 check reaction rate finite difference and Taylor series |

|

|
tolerances desired values - defaults info-only |

|

|
number of N-R iterations | | 40 itermx |
p.r.s. transfer interval | | varies dizidp |
residual magnitude | | 1.0e-06 tolbt |
correction magnitude | | 1.0e-06 toldl |
search/find tolerance | | varies tolx |
supersaturation | | varies tolsat |
supersaturation set size | | varies tolsst |
max. size Taylor's series term | | 1.0e-04 screwl |
max. initial value betamx | | nfa  screw2 |
max. Taylor's series term (kin.)| | 1.0e-04 screws3 |
corrector iteration | | 1.0e-04 screw4 |
max. size of N-R correction term| | 4.0 screw5 |
step size (economy mode) | | 4.0 screw6 |
log mass of phases | | varies zklogu |
decrement mass (p.r.s.) | | 2.0 zklogl |
min. left after p.r.s. | | .98 zkfac |
initial step size | | varies dlzmx1 |
upper limit step size | | varies dlzmx2 |
maximum order | | 6 nordim |
num. attempted assemblages | | 25  ntrymx |
slide -> over phase bound. | | 8 npsimx |
slide -> over redox insta. | | 3 nssimx |

fo2 scan control | | none ioscan |

|
|
¢ pickup file written by eq3nr.3245R124 |
¢ supported by eqlib.3245R153 |
EQ3NR input file name= swpar.3i
Description= "Sea water, partial benchmark test case" |
Version number= 3245 Stage number= 01 |
Created 06/08/90 Creator= T.J. Wolery |
Revised 06/08/90 Revisor= T.J. Wolery |

Sea water, including all solute components present above 1 mg/kg,
plus phosphate, iodide, iron, and aluminum. This is a moderately
pared-down version of swtst.3i, which contains the full benchmark
sea water test case of Nordstrom et al. (1979, Table Ill). An even |
more pared-down version of that benchmark sea water test case is
in swmaj.3i. |

|

Purpose: to test the code on an intermediate-sized problem |
involving a moderately concentrated solution and to initialize the |
EQ6 test case input files swititr.6i and pptminssw.6i. The first of |
these two test cases simulates an alkalinity titration. The second |
is calculation of the precipitation of an equilibrium mineral |
assemblage so as to eliminate any remaining supersaturations. The
activity coefficients of the aqueous species are calculated from |
the B-dot equation and related equations. |

The original test problem permits specification of the total |
alkalinity instead of total HCO3-. This was expressed in the |
following equivalent units:

|
141.682 mg/L HCO3- (total alkalinity expressed as HCO3-; |
not the conventional HCO3 alkalinity) |
0.00240659 eq/kg |
0.00237625 eq/L |
This is equivalent to: |
|
116.208 mg/L CaCO3 (total alkalinity) |

This is the more standard way of reporting alkalinity (see Standard
Methods, 1976). |
|
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References |

Nordstrom, D. K., et al., 1979, A comparison of computerized chemical |
models for equilibrium calculations in aqueous systems, in Jenne,

E. A., editor, Chemical Modeling in Aqueous Systems, ACS Symposium |
|
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|

temperature (C) | 25.000

electrical imbalance

|

| 9.415483033903270E-05 |
|
I

number of aqueous master species | 19 |

|

I
position of last pure mineral | 19 |

|

I
position of last solid solution | 19 |

I
suppressed species  (suppress,replace,augmentk,augmentg) value |
|

none |

iopg options

- pH SCALE CONVENTION -
* modified NBS
internal
rational
- ACTIVITY COEFFICIENT OPTIONS -
* use B-dot equation
Davies' equation
Pitzer's equations

elements, moles and moles aqueous

|
0.000000000000000E +00)|

o 5.562929348736950E+01|

al 7.412475352079411E-08| 0.000000000000000E+00|
b 4.266500000176020E-04| 0.000000000000000E+00Q|
br | 8.422607128582550E-04| 0.000000000000000E+00|
ca | 1.028743949481670E-02| 0.000000000000000E+00|
cl | 5.458822600369140E-01] 0.000000000000000E+00|
f | 7.316405592930859E-05| 0.000000000000000E+00|
fe 3.581212959787750E-08] 0.000000000000000E+00]
h 1.110199791931900E+02| 0.000000000000000E+00|
c 2.022000000330000E-03|  0.000000000000000E+00|
p 6.550000009233460E-07| 0.000000000000000E+00|
i | 4.885564708648360E-07| 0.000000000000000E+00|
k | 1.020760493451400E-02| 0.000000000000000E+00|
mg | 5.314955772134190E-02] 0.000000000000000E+00|
na | 4.683822413363290E-01| 0.000000000000000E+00|
si | 7.123325061979969E-05| 0.000000000000000E+00|
S | 2.823129679099610E-02| 0.000000000000000E+Q0|
sr | 9.290116414199449E-05|

0.000000000000000E+00|
|

master species and logarithmic basis variables |

|
| l.7443589835269l80E+00|

h2o |h20
al+++ al+++ | -1.687574680676170E+01|
b(oh)3(aq) |b(oh)3(aq) | -3.498034043542750E+00)
br- |br- | -3.078408244764320E+00)|
ca++ |cat++ | -2.033306164909480E+00|
cl- |cl- | -2.803697404258740E-01]
f- [t- | -4.256694223618150E+00]
fe++ |fe++ | -1.476039876768240E+01|
h+ |h+ | -8.107954499902830E+00|
hco3- |hco3- | -2.892360239559070E+00|
hpo4-- |hpo4-- | -6.864188901556080E+00)
i- Ji- | -6.313477181898780E+00|
k+ |k+ | -2.000820082836420E+00|
mg++ |mg++ | -1.390646577585650E+00|
nat+ na+ -3.517993120451180E-01|
sio2(aq) |sio2(aq) | -4.284197383232440E+00|
504-- |s04-- | -1.878690183061580E+00)
Sr++ [sr++ | -4.094238026482380E+00|
02(g) |02(g) | -1.643179519296240E+01|
|

I
physically removed subsystem (solid solution, mineral, moles) |
|

none | |
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6. Sample Problems: Inputs And Outputs

6.1. Introduction

This chapter presents several examples of the usage of EQ6. Each example includes the corre-
sponding EQ@nput files in both “W” and “D” formats. The initializing EQ3NRput files are
presented in Appendix F. Users should compare the sampléng@6files with theinput file
descriptions given Chapter 5. The code output presented for each example will vary, usually con-
sisting of some combination of parts of théput andtab files. The size of theutput file is
comparable to that of EQ3NR for single point thermodynamic equilibrium calculations, but

much greater in the case of reaction path (multi-point) runs (usually several thousand lines, some-
times several ten thousands of lines). A compbetput file is provided for the first example

given in this chapter. Thab file is not very useful for the single point calculations, but provides

a compact description of the most pertinent data for reaction path runs. For other detailed exam-
ples of the usage of EQG6, the reader is directed to Delany and Wolery (1984), Delany (1985),
Delany, Puigdomenech, and Wolery (1986), and Jackson (1988). The examples presented here
were run on a Sun SPARCstation IPC using optimized code, using the “W” format input files and
the “R10”com andhmw data files.

The examples presented here are relatively simple. Anjewt files addressing more complex
problems are presented without external comments or computed results in Appendix E.

On theoutput andtab files one will frequently see “+999” and “-999”. These are respectively
treated in EQ3/6 as the logarithms of plus infinity and zero, respectively. In the context of their
appearance in these files, they generally signify a condition of “no data.” OnEQE and

tab files, for example, thEhis listed as “-999” for problems in which oxidation-reduction is not

part of the computed model. In some cases one may also see on these files “1.e+38.” This is used
as a proxy for infinity. The time variable is likely to show this value in problems run in time

mode.

6.2. Finding Precipitates from Multiply-Supersaturated Sea Water

The first example is a single point calculation. Surface sea watet@iSupersaturated with
respect to a large number of minerals. The objective here is to precipitate an equilibrium assem-
blage of minerals. The code must choose which of many supersaturated minerals belong in the
relatively small final assemblage. The code finds this assemblage by adding one new mineral at
a time (see Chapter 7). At the end of the process, no supersaturations remain. The mineral pre-
cipitation causes changes in many of the solution properties, includipg teitially 8.22).

The activity coefficients of the aqueous species are computed from the B-dot eqapgar-(

0). The supporting data file is tikem file.

The initializing EQ3NRnput file isswpar.3i(see Appendix F). This is a slightly more extended

sea water model than that in twemaj.3i file presented in Chapter 7 of the EQ3NR Theoretical
Manual and User’s Guide (Wolery, 1992b). Both are based on the sea water test case of Nord-
strom et al. (1979). The model used here includes several trace elements, the most significant of
which for the present example are iron, aluminum, and silica. The composition of this solution

in terms of total concentrations of the strict basis species is as follows (taken from the EQ3NR
output file swpar.30:
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species mg/l mg/kg moles/kg

h2o0 0.10256E+07 0.10022E+07 0.5562929349E+02
al+++ 0.20467E-02 0.20000E-02 0.7412475352E-07
b(oh)3(aq) 26.997 26381  0.4266500000E-03
br- 68.872 67.300  0.8422607129E-03

ca++ 421.93 41230  0.1028743949E-01

cl- 19805. 19353.  0.5458822600E+00

- 1.4225 1.3900  0.7316405593E-04

fe++ 0.20467E-02 0.20000E-02 0.3581212960E-07
h+ 0.11452E+06 0.11190E+06 0.1110199792E+03
hco3- 126.26 123.38  0.2022000000E-02
hpo4-- 0.64335E-01 0.62866E-01 0.6550000009E-06
i- 0.63448E-01 0.62000E-01 0.4885564709E-06
k+ 408.42 399.10  0.1020760493E-01
mg-++ 1322.0 1291.8  0.5314955772E-01
na+ 11020. 10768.  0.4683822413E+00
sio2(aq) 4.3800 42800  0.7123325062E-04
s04-- 2775.4 2712.0  0.2823129679E-01
ST+ 8.3302 8.1400  0.9290116414E-04

There is a an example of redox disequilibrium in this model, as shown by the following results:

couple eh, volts  pe- log fo2 ah, kcal

default 0.500 0.8452E+01 -16.432 11.531
acetic a’lhco3-  0.500 0.8452E+01 -16.432  11.531
acetone(/hco3- 0.500 0.8452E+01 -16.432 11.531
clo4- /cl- 0.500 0.8452E+01 -16.432 11.531
ethane(a/hco3- 0.500 0.8452E+01 -16.432 11.531
fe+++ [ffe++ 0.500 0.8452E+01 -16.432 11.531
h2(aq) /h2o 0.500 0.8452E+01 -16.432 11.531
hs- /so4-- 0.500 0.8452E+01 -16.432 11.531
i03-  fi- 0.500 0.8452E+01 -16.432 11.531
methane(/hco3-  0.500 0.8452E+01 -16.432 11.531
methanol/hco3-  0.500 0.8452E+01 -16.432  11.531
02(aq) /h2o 0.732 0.1237E+02 -0.746  16.881
s03-- /so4-- 0.500 0.8452E+01 -16.432 11.531

The disequilibrium is evidenced by the different values for the parameters associated with the
O(aqfH20 couple. Itis a consequence of having enterefiresf 500 mV and an independent

concentration foO(,q) Note that EQ6 will “equilibrate” all redox couples when it makes the
first equilibrium calculation, when the phase assemblage consists of just the aqueous solution.

EQ3NR calculated the following table of saturation indices for pure minerals:

(minerals with affinities .It. -10 kcal are not listed)

mineral log g/k aff, kcal state mineral log g/k aff, kcal state
albite -0.428 -0.584 albite high -1.747 -2.383

albite low -0.428 -0.584 amesite-14a 4.036 5.506 ssatd
analcime -0.305 -0.417 satd analcime-dehy -6.660 -9.087
andalusite -5.201  -7.095 andradite 4472  6.101 ssatd
anhydrite -0.978 -1.335 anorthite -6.359 -8.675
anthophyllite 0.486  0.663 ssatd aragonite 0.506 0.691 ssatd
arcanite -5.249 -7.161 artinite -1.929 -2.632

bassanite -1.627 -2.220 beidellite-ca -1.544 -2.107
beidellite-h -2.858 -3.899 beidellite-k -1.553 -2.119
beidellite-mg -1.383 -1.887 beidellite-na -1.338 -1.825
bischofite -7.292  -9.949 bloedite -5.783 -7.889

boehmite -1.776  -2.423 boric acid -3.339 -4.555

brucite -1.797 -2.451 calcite 0.651  0.888 ssatd
caso4:0.5h2o(beta) -1.795 -2.449 celadonite 3.418 4.664 ssatd
celestite -1.740 -2.374 chalcedony -0.556 -0.759
chrysotile 3.818 5.209 ssatd clinochlore-14a 7.451 10.165 ssatd
clinochlore-7a 4.077 5.563 ssatd clinoptilolite-ca  -5.482 -7.479
clinoptilolite-k -4.603 -6.280 clinoptilolite-na  -2.598 -3.544
clinozoisite -6.052 -8.256 coesite -1.095 -1.494

corundum -5.735 -7.824 cristobalite -0.835 -1.140
cristobalite-a -0.835 -1.140 cristobalite-b -1.279 -1.745
dawsonite -0.425 -0.580 diaspore -0.931 -1.271

diopside -1.264 -1.724 dolomite 3.234  4.413 ssatd
dolomite-dis 1.690 2.306 ssatd dolomite-ord 3.234  4.413 ssatd
enstatite -1.102 -1.503 epidote 1.452  1.981 ssatd
epidote-ord 1.452  1.981 ssatd epsomite -2.627 -3.585
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fe(oh)3 -0.977 -1.333 ferrite-ca 1.619  2.208 ssatd

ferrite-mg 2.834  3.867 ssatd fluorapatite 9.086 12.396 ssatd
fluorite -1.461  -1.993 forsterite -3.129 -4.268

gaylussite -4.614 -6.294 gibbsite -0.149 -0.203 satd
gismondine -1.348 -1.839 glauberite -3.510 -4.788
goethite 4.152 5.664 ssatd gypsum -0.818 -1.116

halite -2.592 -3.536 hematite 9.272 12.649 ssatd
hexahydrite -2.855 -3.895 huntite 1.944  2.652 ssatd
hydromagnesite -3.389 -4.624 hydroxylapatite -0.208 -0.284 satd
ice -0.146  -0.200 satd illite 0.479  0.654 ssatd

jadeite -1.768 -2.412 k-feldspar 0.934 1.274 ssatd
kainite -6.931  -9.456 kalicinite -5.551 -7.573

kalsilite -1.672 -2.281 kaolinite -0.366  -0.499 satd

kbr -6.522  -8.898 kieserite -4.276 -5.834

kyanite -4.930 -6.726 lansfordite -1.631 -2.225

laumontite -2.047 -2.792 lawsonite -2.009 -2.741
magnesite 0.955 1.303 ssatd magnetite -0.059 -0.081 satd
margarite -5.826 -7.949 maximum microcline  0.934  1.274 ssatd
mesolite 2.646  3.610 ssatd mg1.25s04(0h)0.5:0 -6.025 -8.220
mg1l.5s04(oh) -6.222  -8.489 mirabilite -2.632 -3.591
monohydrocalcite -0.191 -0.260 satd monticellite -5.600 -7.641
montmor-ca -0.033  -0.045 satd montmor-k 0.029  0.039 satd
montmor-mg 0.198 0.270 satd montmor-na 0.240 0.328 satd
mordenite -2.691 -3.671 muscovite 2.093 2.856 ssatd
na2co3 -7.091 -9.674 na2co3:7h2o0 -5.910 -8.063
na4ca(so4)3:2h20 -6.794 -9.270 nabr -6.749  -9.208
nabr:2h2o -5.895 -8.042 nahcolite -3.476 -4.743

natrolite -1.010 -1.378 natron -5.598 -7.637

nepheline -2.896 -3.951 nesquehonite -1.770 -2.415
nontronite-ca 9.982 13.618 ssatd nontronite-h 8.668 11.826 ssatd
nontronite-k 9.973 13.606 ssatd nontronite-mg 10.143 13.838 ssatd
nontronite-na 10.188 13.900 ssatd okenite -5.206  -7.102
oxychloride-mg -5.538 -7.555 paragonite -0.165 -0.225 satd
pentahydrite -3.187 -4.348 periclase -6.826 -9.313
phlogopite 6.738  9.193 ssatd picromerite -7.192 -9.812
pirssonite -4.749  -6.479 prehnite -3.243  -4.425
pseudowollastonite  -4.523 -6.171 pyrophyllite -2.556 -3.487
quartz -0.285 -0.389 satd sanidine high -0.265 -0.362 satd
saponite-ca 6.256  8.536 ssatd saponite-h 4943  6.743 ssatd
saponite-k 6.248 8.524 ssatd saponite-mg 6.418 8.756 ssatd
saponite-na 6.463  8.817 ssatd scolecite 0.035 0.048 satd
sellaite -1.358 -1.853 sepiolite 1.833 2.501 ssatd
sillimanite -5.564 -7.591 sio2(am) -1.571 -2.143
smectite-high-fe-m  -2.579 -3.519 smectite-low-fe-mg  -0.988  -1.347
srcl2:6h20 -7.285 -9.939 srf2 -5.090 -6.944

srhpo4 -6.161 -8.405 starkeyite -3.667 -4.866

stilbite 1152 1.572 ssatd strontianite 0.681  0.929 ssatd
sylvite -3.530 -4.816 syngenite -4.742  -6.470

talc 5.244  7.155 ssatd thenardite -3.385 -4.618
thermonatrite -6.880 -9.386 tremolite 4547  6.204 ssatd
tridymite -0.456 -0.623 wairakite -6.441 -8.787

whitlockite -2.548 -3.476 wollastonite -4.285 -5.846

zoisite -6.096 -8.317

15 approx. saturated pure minerals
0 approx. saturated end-members of specified solid solutions
0 saturated end-members of hypothetical solid solutions

42 supersaturated pure minerals
0 supersatd. end-members of specified solid solutions
0 supersatd. hypothetical solid solution phases

Note that the solution is supersaturated with respect to 42 pure minerals, most of them alumino-
silicates. Saturation indices for solid solutions were not computed, becpt4seas set to 0 on

theinput file.

The EQG6input file for this example ipptminssw.6i. This was presented in Chapter 5 in both
“W” and “D” formats and will not be repeated here. Note that the bottom half of the file is the
pickup file from the initializing EQ3NR run just discussed. This part begins with a line contain-
ing, “pickup file written by eq3nr.7.0R124 " Note also thaiopt4 is set to 1, enabling the
use of solid solutionsdpt4 has the same usage in both EQ3NR and EQ6).

The EQ6output file for this run,pptminssw.6q is given below. Note the general resemblance

to an EQ3NRnput file. It contains time and date statistics, copyright notice and disclaimers, in-
stant echo of thaput file, problem description (including values of assigned default values),

and detailed description of the state of the system as computed by the code. The problem descrip-
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tion part is written by modulechoz.f which is analogous to the EQ3NR modedhox.t The

detailed description of the results, which here corresponds to a zero value of reaction progress,
is produced by modulecripz.f, which is analogous to the EQ3NR modsieipx.f. In a multi-

point run,scripz.fis called to write such a description of the state of the system at various points
of reaction progress along the reaction path.

EQ6 first makes an equilibrium calculation for just the aqueous phase. This is the “phase assem-
blage no. 1” on theutput file. Hybrid Newton-Raphson iteration converges in 15 iterations

(“iter = 15”). The code then finds the solution to be supersaturated with 27 pure minerals and 7
solid solutions. The 15 iterations are taken primarily because of the need to obtain internal redox
equilibrium. This equilibration may have a small effect on the mineral saturation indices. In the
present case, however, this effect is not qualitatively significant. The reason the code now reports
supersaturation with 27 pure minerals instead of the 42 reported by EQ3NR is because the solid
solutions feature has been enabled. A pure mineral which is a solid solution end member is tech-
nically suppressed as a pure phase when the solid solution option is turned on. Thus, supersatu-
ration of such a mineral is not reported.

The code then begins precipitating minerals one at a time, choosing them according to the algo-
rithm described in Chapter 7. It first chooses ordered doloMd€&(CG;),;“dolomite-ord”) as

the first mineral to precipitate. Convergence is achieved in 11 iterations. The code then reports
supersaturation for 19 pure minerals and 3 solid solutions. The number of supersaturations is sig-
nificantly reduced because of the common ion effect (in this case, changes in the activities of the
calcium, magnesium, hydrogen, and bicarbonate ions due to precipitation of dolomite).

Hematite Fey,Os) is the next mineral to be added to the phase assemblage. The code converges

in 12 iterations. It then reports supersaturations for 17 pure minerals and 3 solid solutions. The
next phase to be precipitated is fluorapatitesE(PO,)3). The code converges in 12 iterations

and then reports supersaturations for 16 pure minerals and 3 solid solutions.

The code then adds muscovikA(3SE01o(OH),)to the phase assemblage and converges in 12

iterations. The code now reports supersaturation for only one phase, the solid solution dioctahe-
dral smectite (a complex aluminosilicate, here treated as an ideal solution of 12 end member
components; “smectite-di”).

The code then adds dioctahedral smectite to the phase assemblage. The code runs 14 iterations
and crashes. The code determines that hematite should be dropped from the phase assemblage.
Upon removing this phase, the code converges in 12 iterations. Thus, the final phase assemblage
consists of the aqueous solution, ordered dolomite, fluorapatite, muscovite, and dioctahedral
smectite. The hematite and the dioctahedral smectite are both sinks for iron. When the smectite
was added to the phase assemblage, it in effect took the available iron away from the hematite,
forcing it to disappear from the system.

The aqueous solution in the equilibrated system differs in some interesting ways from the initial

solution. TheH changed to 6.76 from 8.22heEh changed to 818 mV from 500 mV, primarily
as a result of the redox equilibration involvidg )
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The EQ6output file tminssw.69, sea water mineral precipitation test case

EQS6, version 3245R119x

Copyright (c) 1987, 1990 The Regents of the University of California,
Lawrence Livermore National Laboratory. All rights reserved.

Supported by EQLIB, version 3245R153

Copyright (c) 1987, 1990 The Regents of the University of California,
Lawrence Livermore National Laboratory. All rights reserved.

This work was produced at the University of California,
Lawrence Livermore National Laboratory (UC LLNL) under
contract no. W-7405-ENG-48 between the U. S. Department of
Energy (DOE) and The Regents of the University of California
(University) for the operation of UC LLNL. Copyright is
reserved to the University for purposes of controlled
dissemination, commercialization through formal licensing,

or other disposition under terms of Contract 48; DOE

policies, regulations, and orders; and U. S. statutes.

DISCLAIMER

This computer code was prepared as an account of work
sponsored by an agency of the United States Government.
Neither the United States Government nor the University of
California nor any of their employees, makes any warranty,
express or implied, or assumes any liability or responsi-
bility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or
represents that its use would not infringe privately-owned
rights. Reference herein to any specific commercial,
product, process, or service by trade name, trademark,
manufacturer, or otherwise, does not necessarily constitute
or imply its endorsement, recommendation, or favoring by the
United States Government or the University of California.
The views and opinions of authors expressed herein do not
necessarily state or reflect those of the United States
government or the University of California, and shall not

be used for advertising or product endorsement purposes.

LLNL YUCCA MOUNTAIN PROJECT DISCLAIMER

The Lawrence Livermore National Laboratory, a participant in
the Yucca Mountain Project, has not determined that this
software constitutes "approved code" for the conduct of
"quality affecting work" for the Yucca Mountain Project.

Run 18:52 5Dec91

--- reading the input file ---

EQ6 input file name= pptminssw.6i

Description= "Precipitate minerals from sea water"
Version number= 3245 Stage number= 01
Created 10/29/90 Creator=T.J. Wolery

Revised 10/29/90 Revisor= T.J. Wolery

Precipitate minerals from sea water, so as to eliminate any
supersaturations.

Purpose: to demonstrate the ability of the code to find an
equilibrium assemblage of minerals and aqueous solution, starting
with a solution which is supersaturated with respect to a great
many minerals.

The sea water composition is taken from the sea water test
case of Nordstrom et al. (1979), as represented by the EQ3NR
test case input file swpar.3i.

The option switch iopt4 is set to 1 to direct the code to
allow the precipitation of solid solutions.

Note that no reaction path is calculated, and no reactants are
defined.

References
Nordstrom, D. K., et al., 1979, A comparison of computerized chemical
models for equilibrium calculations in aqueous systems: In Jenne,
E. A, editor, Chemical Modeling in Aqueous Systems, ACS Symposium
Series, v. 93, American Chemical Society, Washington, D.C.,
p. 857-892.

endit.
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nmodll= 2 nmodi2= 0
tempcO= 2.50000E+01 jtemp= 0
tkl= 0.00000E+00 tk2=0.00000E+00 tk3= 0.00000E+00
zistrt= 0.00000E+00  zimax= 0.00000E+00
tstrt= 0.00000E+00 timemx= 1.00000E+38
kstpmx= 0 cplim= 0.00000E+00
dzprnt= 1.00000E+38 dzprlg= 1.00000E+38 ksppmx= 100
dzplot= 1.00000E+38 dzpllg= 1.00000E+38 ksplmx= 10000
ifile= 16
10
0
0
ioprl-10= 0
iopr11-20= 0
iodb1-10= 0
11-20= 0 0 0O 0 0 0 O O O O
nxopt= 0
nffg= 0
nrct= 0

7
0
0
0
0
0

)
0000w
00000

5 6
1 0
00
00
00
0 0

coo®o
co®
coo®o

dizidp= 0.00000E+00

tolbt= 0.00000E+00 toldl= 0.00000E+00  tolx= 0.00000E+00
tolsat= 0.00000E+00 tolsst= 0.00000E+00

screwl= 0.00000E+00 screw2= 0.00000E+00 screw3= 0.00000E+00
screw4= 0.00000E+00 screw5= 0.00000E+00 screw6= 0.00000E+00

zklogu= 0.000 zklogl= 0.000 zkfac= 0.000
dizmx1= 0.00000E+00 dlzmx2= 0.00000E+00 nordim= 0
itermx= 0 ntrymx= 0

npsimx= 0 nssimx= 0 ioscan= 0

*,

EQ3NR input file name= swpar.3i

Description= "Sea water, partial benchmark test case"
Version number= 3245 Stage number= 01

Created 06/08/90 Creator= T.J. Wolery

Revised 06/08/90 Revisor=T.J. Wolery

Sea water, including all solute components present above 1 mg/kg,
plus phosphate, iodide, iron, and aluminum. This is a moderately
pared-down version of swtst.3i, which contains the full benchmark
sea water test case of Nordstrom et al. (1979, Table IIl). An even
more pared-down version of that benchmark sea water test case is
in swmaj.3i.

Purpose: to test the code on an intermediate-sized problem
involving a moderately concentrated solution and to initialize the
EQ6 test case input files swtitr.6i and pptminssw.6i. The first of
these two test cases simulates an alkalinity titration. The second
is calculation of the precipitation of an equilibrium mineral
assemblage so as to eliminate any remaining supersaturations. The
activity coefficients of the aqueous species are calculated from
the B-dot equation and related equations.

The original test problem permits specification of the total
alkalinity instead of total HCO3-. This was expressed in the
following equivalent units:

141.682 mg/L HCO3- (total alkalinity expressed as HCO3-;
not the conventional HCOS3 alkalinity)

0.00240659 eq/kg

0.00237625 eq/L

This is equivalent to:
116.208 mg/L CaCO3 (total alkalinity)

This is the more standard way of reporting alkalinity (see Standard
Methods, 1976).

References

Nordstrom, D. K., et al., 1979, A comparison of computerized chemical
models for equilibrium calculations in aqueous systems, in Jenne,
E. A, editor, Chemical Modeling in Aqueous Systems, ACS Symposium
Series, v. 93, American Chemical Society, Washington, D.C.,
p. 857-892.

Standard Methods for the Examination of Water and Wastewater, 1976,
Prepared and jointly published by the American Public Health
Association, the American Water Works Association, and the Water
Pollution Control Federation: American Public Health Association,
1015 Eighteenth Street NW, Washington, D.C.

endit.
tempci= 2.50000E+01
nxmod= 0
iopgl= 0 iopg2= 0 iopg3= 0
iopg4= 0 iopg5= 0 iopg6= 0
iopg7= 0 iopg8= 0 iopg9= 0
iopg10= 0
ket=18 ksg= 19 kmt= 19
kxt= 19 kdim=19 kprs= 0
* component moles total moles aqueous
(o} 5.562929348736950E+01 0.000000000000000E+00
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al 7.412475352079411E-08 0.000000000000000E+00
b 4.266500000176020E-04 0.000000000000000E+00
br 8.422607128582550E-04 0.000000000000000E+00
ca 1.028743949481670E-02 0.000000000000000E+00
cl 5.458822600369140E-01 0.000000000000000E+00
f 7.316405592930859E-05 0.000000000000000E+00
fe 3.581212959787750E-08 0.000000000000000E+00
h 1.110199791931900E+02 0.000000000000000E+00
c 2.022000000330000E-03 0.000000000000000E+00
p 6.550000009233460E-07 0.000000000000000E+00
i 4.885564708648360E-07 0.000000000000000E+00
k 1.020760493451400E-02 0.000000000000000E+00
mg 5.314955772134190E-02 0.000000000000000E+00
na 4.683822413363290E-01 0.000000000000000E+00
si 7.123325061979969E-05 0.000000000000000E+00
s 2.823129679099610E-02 0.000000000000000E+00
sr 9.290116414199449E-05 0.000000000000000E+00
electr 9.415483033903270E-05

h2o h2o 1.744358983526980E+00

al+++ al+++ -1.687574680676170E+01

b(oh)3(aq) b(oh)3(aq) -3.498034043542750E+00

br- br- -3.078408244764320E+00

cat++ cat++ -2.033306164909480E+00

cl- cl- -2.803697404258740E-01

f- f- -4.256694223618150E+00

fe++ fe++ -1.476039876768240E+01

h+ h+ -8.107954499902830E+00

hco3- hco3- -2.892360239559070E+00

hpo4-- hpo4-- -6.864188901556080E+00

i- i- -6.313477181898780E+00

k+ k+ -2.000820082836420E+00

mg++ mg++ -1.390646577585650E+00

na+ na+ -3.517993120451180E-01

sio2(aq) sio2(aq) -4.284197383232440E+00

S04-- S04-- -1.878690183061580E+00

Sr++ Sr++ -4.094238026482380E+00

02(g) 02(g) -1.643179519296240E+01

--- the input file has been successfully read ---

--- reading the datal file ---

--- list of solid solutions ---

1 biotite no.components= 2
model type= 1 (ideal solution )
2 carbonate-calcite no.components= 6
model type= 1 (ideal solution )
3 chlorite-ss no.components= 2
model type= 1 (ideal solution )
4 clinoptilolite-ss no.components= 6
model type= 1 (ideal solution )
5 epidote-ss no.components= 2
model type= 1 (ideal solution )
6 garnet-ss no.components= 2
model type= 1 (ideal solution )
7 olivine no.components= 2
model type= 3 (binary, parabolic maclaurin )
8 orthopyroxene no.components= 2
model type= 1 (ideal solution )
9 plagioclase no.components= 3
model type= 1 (ideal solution )
10 sanidine-ss no.components= 3
model type= 1 (ideal solution )
11 saponite-tri no.components= 5
model type= 1 (ideal solution )
12 smectite-di no.components= 12
model type= 1 (ideal solution )

--- the datal file has been successfully read ---

* note - (eg6/flgstz) This run involves at least
one redox reaction. The code will therefore use a
redox parameter and the charge balance constraint.

* note - (eglib/inbdot) The following aqueous species
have been assigned a default hard core diameter of
4.000 Angstroms-
cacl2(aq)
caco3(aq)
caso4(aq)
fe(ch3coo0)2(aq)
fecl2(aq)
kbr(aq)
kel(aq)
khso4(aq)
ki(aq)
koh(aq)
mgco3(aq)
nabr(aq)
nach3coo(aq)
naf(aq)
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nahsio3(aq)
nai(aq)
srco3(aq)

eeeee (qqq 666

e g Qg6
eeee g ( 6666
e qqq6 6

eeeee (qqq 666
q

€(6.3245R119x
supported by eqlib.3245R153

EQ6 input file name= pptminssw.6i

Description= "Precipitate minerals from sea water"
Version number= 3245 Stage number= 01
Created 10/29/90 Creator= T.J. Wolery

Revised 10/29/90 Revisor=T.J. Wolery

Precipitate minerals from sea water, so as to eliminate any
supersaturations.

Purpose: to demonstrate the ability of the code to find an
equilibrium assemblage of minerals and aqueous solution, starting
with a solution which is supersaturated with respect to a great
many minerals.

The sea water composition is taken from the sea water test
case of Nordstrom et al. (1979), as represented by the EQ3NR
test case input file swpar.3i.

The option switch iopt4 is set to 1 to direct the code to
allow the precipitation of solid solutions.

Note that no reaction path is calculated, and no reactants are
defined.

References

Nordstrom, D. K., et al., 1979, A comparison of computerized chemical
models for equilibrium calculations in aqueous systems: In Jenne,
E. A., editor, Chemical Modeling in Aqueous Systems, ACS Symposium
Series, v. 93, American Chemical Society, Washington, D.C.,
p. 857-892.

EQ3NR input file name= swpar.3i

Description= "Sea water, partial benchmark test case"
Version number= 3245 Stage number= 01

Created 06/08/90 Creator= T.J. Wolery

Revised 06/08/90 Revisor=T.J. Wolery

Sea water, including all solute components present above 1 mg/kg,
plus phosphate, iodide, iron, and aluminum. This is a moderately
pared-down version of swtst.3i, which contains the full benchmark
sea water test case of Nordstrom et al. (1979, Table IIl). An even
more pared-down version of that benchmark sea water test case is
in swmaj.3i.

Purpose: to test the code on an intermediate-sized problem
involving a moderately concentrated solution and to initialize the
EQ6 test case input files swtitr.6i and pptminssw.6i. The first of
these two test cases simulates an alkalinity titration. The second
is calculation of the precipitation of an equilibrium mineral
assemblage so as to eliminate any remaining supersaturations. The
activity coefficients of the aqueous species are calculated from
the B-dot equation and related equations.

The original test problem permits specification of the total
alkalinity instead of total HCO3-. This was expressed in the
following equivalent units:

141.682 mg/L HCO3- (total alkalinity expressed as HCO3-;
not the conventional HCO3 alkalinity)
0.00240659 eq/kg
0.00237625 eq/L
This is equivalent to:
116.208 mg/L CaCO3 (total alkalinity)

This is the more standard way of reporting alkalinity (see Standard
Methods, 1976).
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data0.com.R10
THERMODYNAMIC DATABASE
generated by gembochs/INGRES 15-apr-91

The activity coefficients of aqueous solute species
and the activity of water are calculated according to the
b-dot equation plus others

no. of elements in the data base = 78
no. of elements dimensioned for = 100
no. of active elements = 18

no. of aqueous species dimensioned for = 800
no. of aqueous species loaded = 388
no. of active aqueous species = 234

no. of aqueous reactions dimensioned for = 699
no. of aqueous reactions loaded = 309
no. of active aqueous reactions = 216

no. of pure minerals dimensioned for = 850
no. of pure minerals loaded = 303
no. of active pure minerals = 260

no. of gases dimensioned for = 80
no. of gases loaded = 27
no. of active gases = 27

no. of solid solutions in the data base = 12
no. of solid solutions dimensioned for = 50
no. of active solid solutions = 12

zistrt = 0.000000E+00 (initial value of zi)

zimax = 1.000000E+38 (maximum value of zi)
timemx = 1.000000E+38 (maximum value of time, sec)
kstpmx = 0 (maximum number of steps this run)

dzprnt = 1.000000E+38 (linear print interval)
dzprlg = 1.000000E+38 (logarithmic print interval)
dizidp = 1.000000E+38 (p.r.s. transfer interval)

maximum permitted step sizes.....
dizmx1 = 1.000000E-02 (nord=0)
dlzmx2 = 1.000000E+38 (nord.ge.1)

nordim = 6 (maximum permitted order)

temperature = 25.000 ¢

nmodll = 2 (physical system switch)
1 =titration, 2 = closed, 3 = flow-through)
nmodI2 = 0 (economy mode permission switch)
0 =normal, 1 = economy, 3 = super economy)

ioptl = 0 (kinetic mode switch)

iopt2 = 0 (suppress phase boundary location)
iopt3 = 0 (interfacing output switch)

ioptd = 1 (permit solid solutions switch)

iopt5 = 0 (remove initial solids switch)

iopté = O (clear p.r.s. at start switch)

iopt7 = 0 (auto basis switch mode switch)
iopt8 = 0 (linear vs. log taylors series)

iopt9 = 0 (not used)

iopt10 = 0 (not used)

ioptll = O (suppress all redox reactions switch)
ioptl2 = 0 (not used

)
ioptl3 = O (tab file output switch)
ioptl4 = 0 (not used)
ioptl5 = 0 (not used)
iopt16-20 (not used)
ifile =16 (supplementary input file)

iopgl = 0 (choice of act. coeff. equations)
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iopg2 = 0 (choice of ph scale)

iopg3 = 0 (not used)
iopg4 = 0 (not used)
iopgs = 0 (not used)
iopg6 = 0 (not used)
iopg7 = 0 (not used)
iopg8 = 0 (not used)
iopg9 = 0 (not used)

iopgl0 = 0 (not used)

joprl = 0 (print loading of species from datal)

iopr2 = 0 (print derivatives of basis elements)

iopr3 = 0 (print loaded species and log k values)

ioprd = 0 (print aqueous species distribution)

iopr5 = 0 (print cation/h+ activity ratios)

iopré = 0 (print element/oxide comp. of mineral assemblage)
iopr7 = 0 (print mineral affinity summary)

iopr8 = 0 (print gas fugacity summary)

iopr9 = 0 (print mean molal activity coefficient)

ioprl0 = 0 (print tabulation of pitzer coefficients)
ioprll = O (print major species for each element)

ioprl2-20 (not used)
iodbl = 0 (enable comp. messages)
iodb2 = 0 (print pre-newton-raphson optimization)
iodb3 = 0 (print order/scaling info.)
iodb4 = 0 (print newton iteration info.)
iodb5 = 0O (print search iterations)
iodb6 = 0 (print hpsatz iterations)
iodb7 = 0 (print f.d. and t.s. calculations)
iodb8 = 0 (turns iodb3 on and off)
iodb9 = 0 (print kinetics info.)
iodb10 = 0 (check basis var. f.d. and t.s.)
iodbll = 0 (check reac. rate f.d. and t.s.)
iodb12 = O (iteration variable killer option)
iodb13 = 0 (not used)
iodb14 = 0 (not used)
iodb15 = 0 (not used)
iodb16 = O (turn on akmatr prints)

iodb17-20 (not used)

tolbt = 1.000000E-06 (residual function convergence tolerance)
toldl = 1.000000E-06 (correction term convergence tolerance)
tolx = 1.000000E-06 (sol-sol reactant/product identity tolerance)
tolsat = 5.000000E-03 (lower supersaturation tolerance)

tolsst = 1.000000E-02 (upper supersaturation tolerance)

screwl = 1.000E-04 (primary step-size parameter for basis variables)
screw2 = 0.00000 (not used)

screw3 = 1.000E-04 (step size parameter for rate functions)

screw4 = 1.000E-04 (corrector parameter for rate functions)

screw5 = 4.00000 (under-relaxation control for n-r iteration)
screw6 = 4.00000 (step size parameter for economy mode)
zklogu = -6.000 (threshhold log mass for solids)
zklogl =  2.000 (log mass decrement for p.r.s shift)
zkfac =  0.800 (shift adjustment factor)
zklgmn = -6.097 (minimum log mass after a shift)

itermx= 40 (newton-raphson iteration limit)
ntrymx=

npsimx=

25 (phase assemblage try limit)
12 (critical phase instability slide limit)

nssimx=8 (critical redox instability slide limit)

--- inactive loaded aqueous species ---

ag+ am+++ ar(aq)
au+ ba++ be++
cd++ ce+++ co++
cro4-- cs+ cu++
dy+++ er+++ eu+++
ga+++ gd+++ h2aso4-
he(aq) hg++ ho+++
in+++ kr(aq) la+++

li+ lu+++ mn++
moo4-- nd+++ ne(aq)
ni++ no3- np++++
pb++ pd++ pr+++
pu++++ ra++ rb+
reo4- m(aq) ruo4--
SC+++ se03-- sm+++
sn++ th+++ tco4-
th++++ ti(oh)4(aq) tl+
tm+++ uo2++ VO++
wo4-- xe(aq) y+++
yb+++ Zn++ zr(oh)2++
(o-phth)-- ag++ am++++
amo2+ amo2++ au+++
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benzene(aq) Cco+++ cr++
cr+++ cro4--- cu+

eu++ glycine(aq) h2aso03-
hg2++ methanamine(aq) mn+++
mno4-- n2(aq) n3-

nh4+ no2- np+++
npo2+ npo2++ pb++++
pu+++ puo2+ puo2++
ru(oh)2++ ru++ ru+++
ruo4(aq) ruo4- se--
seo4-- sm++ SN++++
te+++ tco++ tco4--
tco4--- U+++ Ut+++
uo2+ VA++ vo2+
vo4--- b++ Zr++++

1-heptanol(aq)
1-hexanol(aq)
1-octanol(aq)
1-pentanol(aq)
2-butanone(aq)

1-heptene(aq)
1-hexene(aq)
1-octene(aq)
1-pentene(aq)

2-heptanone(aq)

1-heptyne(aq)
1-hexyne(aq)
1-octyne(aq)
1-pentyne(aq)
2-hexanone(aq)

2-octanone(aq) 2-pentanone(aq) al(o-phth)+
ca(o-phth)(aq) ethylbenzene(aq) h(o-phth)-
h2(o-phth)(aq) heptanoate heptanoic acid(aq)

hexanoate
n-heptane(aq)
n-hexylbenzene(aq)
n-pentane(aq)
na(o-phth)-
phenol(aq)

octanoate
s5--

--- inactive loaded minerals ---

albite high andradite
anorthite antigorite
beidellite-k beidellite-mg
calcite clinochlore-14a
clinoptilolite-k clinoptilolite-na
clinozoisite daphnite-14a
epidote fayalite
forsterite grossular
mayenite montmor-ca

montmor-mg
nontronite-k

o-phthalic acid phlogopite
saponite-ca saponite-h
saponite-mg saponite-na

strontianite

hexanoic acid(aq)

n-heptylbenzene(aq
n-octane(aq)

n-pentylbenzene(aq

montmor-na
nontronite-mg

n-butylbenzene(aq)
n-hexane(aq)
n-octylbenzene(aq)
n-propylbenzene(aq
octanoic acid(aq)
toluene(aq)

annite
beidellite-ca
beidellite-na

clinoptilolite-ca
clinoptilolite-sr
enstatite
ferrosilite
magnesite
montmor-k
nontronite-ca
nontronite-na
sanidine high
saponite-k
siderite

stepping to zi= 0.0000E+00, delzi= 0.0000E+00, nord= 0

attempted species assemblage no. 1

1 1 h2o

2 3 al+++

3 7 b(oh)3(aq)

4 10 br-

5 11 cat+

6 14 cl-

7 22 f-

8 23 fe++

9 26 h+

10 28 hco3-

11 32 hpo4--

12 33 i-

13 35 k+

14 40 mg++

15 43 nat

16 60 sio2(aq)

17 63 so4--

18 64 sr++

19 79 02(g)
iter= 15

27 supersaturated pure minerals
7 supersaturated solid solutions

the most supersaturated phases

92 dolomite
287 talc

O~NOUBRhWNE

134 huntite

94 dolomite-ord
50200 carbonate-calcite
93 dolomite-dis

65 chrysotile
24 aragonite

affinity, kcal

4.41261006
4.41261006
1.72178172
7.15485933

2.30560787

5.20875841

0.69064457
2.65211752
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attempted species assemblage no. 2

1 h2o

3 al+++

7 b(oh)3(aq)
10 br-

11 ca++

14 cl-

1

2

3

4

5

6

7

8

9

10

11

12

13 35 k+

14

15

16 60 sio2(aq)

17 63 so4--

18 64 sr++

19 79 02(g)

20 94 dolomite-ord

iter= 11
19 supersaturated pure minerals
3 supersaturated solid solutions

the most supersaturated phases

1 130 hematite

2 122 goethite

3 51200 smectite-di
4 221 nontronite-h
5 113 fluorapatite
6 201 muscovite
7 155 kaolinite

8 119 gibbsite

attempted species assemblage no. 3
1 1h20

2 3 alt+++

3 7 b(oh)3(aq)
4 10 br-

5 11 cat++
6

7

8

9

14 cl-

22 f-

23 fet++

26 h+
10 28 hco3-
11 32 hpo4--
12 33 i-
13 35 k+
14 40 mg++
15 43 na+
16 60 sio2(aq)
17 63 so4--
18 64 sr++
19 79 02(g)

20 94 dolomite-ord
21 130 hematite

iter= 12
17 supersaturated pure minerals
3 supersaturated solid solutions

the most supersaturated phases

1 113 fluorapatite
2 201 muscovite
3 155 kaolinite

4 119 gibbsite

5 178 mesolite

6 141 illite

7 229 paragonite
8 51200 smectite-di

attempted species assemblage no. 4

1 h2o

3 al+++
7 b(oh)3(aq)
10 br-

11 ca++
14 cl-

22 f-

23 fe++
26 h+

28 hco3-
32 hpo4--

e
RRoo~ounprwNE

affinity, kcal

12.03480169
5.35698269
14.04521531
12.47633063
6.31636224
6.91972996
3.53968133
1.63721830

affinity, kcal

6.31634693
6.91973121

3.53968525
1.63722021

3.83582000

3.31987394

3.83882640
2.65675260
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12 33 i-

13 35 k+

14 40 mg++
15 43 nat

16 60 sio2(aq)
17 63 so4--
18 64 sr++
19 79 02(g)

20 94 dolomite-ord
21 113 fluorapatite
22 130 hematite

iter= 12
16 supersaturated pure minerals
3 supersaturated solid solutions

the most supersaturated phases  affinity, kcal

1 201 muscovite 6.92093688

2 155 kaolinite 3.54062111

3 119 gibbsite 1.63768564

4 178 mesolite 3.83633158

5 141 ilite 3.32073692

6 229 paragonite 3.84003196

7 51200 smectite-di 2.65767980

8 173 maximum microcline  1.65806777

attempted species assemblage no. 5

1 1 h2o

2 3 al+++

3 7 b(oh)3(aq)
4 10 br-

5 11 cat+

6 14 cl-

7 22 f

8 23 fe++

9 26 h+

10 28 hco3-

11 32 hpo4--

12 33 i-

13 35 k+

14 40 mg++

15 43 na+

16 60 sio2(aq)
17 63 so4--

18 64 sr++

19 79 02(g)

20 94 dolomite-ord
21 113 fluorapatite
22 130 hematite
23 201 muscovite

iter= 12
0 supersaturated pure minerals
1 supersaturated solid solutions
the most supersaturated phases  affinity, kcal

1 51200 smectite-di 1.24718907

attempted species assemblage no. 6

1 1 h2o

2 3 al+++

3 7 b(oh)3(aq)
4 10 br-

5 11 cat+

6 14 cl-

7 22 f-

8 23 fet++

9 26 h+

10 28 hco3-
11 32 hpo4--
12 33 i-

13 35 k+

14 40 mg++
15 43 na+

16 60 sio2(aq)
17 63 so4--
18 64 sr++
19 79 02(g)

20 94 dolomite-ord

21 113 fluorapatite

22 130 hematite

23 201 muscovite

24 1 smectitebeidellite-ca
2 smectitebeidellite-k
3 smectitebeidellite-mg

27 4 smectitebeidellite-na
5 smectitemontmor-ca



29 6 smectitemontmor-k
30 7 smectitemontmor-mg
31 8 smectitemontmor-na
32 9 smectitenontronite-ca
33 10 smectitenontronite-k
34 11 smectitenontronite-mg
35 12 smectitenontronite-na

--- iteration has gone sour (iter= 14) ---

the phase to be dropped is hematite ( 130)

attempted species assemblage no. 7

1 h2o0

3 al+++

7 b(oh)3(aq)

10 br-

11 ca++

14 cl-

22 f-

23 fe++

26 h+

28 hco3-

32 hpo4--

33 i-

35 k+

mg++

na+

60 sio2(aq)

63 so4--

Sr++

79 02(g)

94 dolomite-ord

113 fluorapatite

201 muscovite
smectitebeidellite-ca
smectitebeidellite-k
smectitebeidellite-mg
smectitebeidellite-na
smectitemontmor-ca
smectitemontmor-k
smectitemontmor-mg
smectitemontmor-na
smectitenontronite-ca
smectitenontronite-k
11 smectitenontronite-mg
12 smectitenontronite-na

WWWWWRNRNNNNNNNRNRNEP R R R e
RONPROOONOUNRONROOONONEWNROPXNOTTRWNE
Boo~Nounswnr

= 0.00000000000000E+00
-999.0000000

reaction progress
log of reaction progress =

temperature = 25.000 degrees ¢
total pressure = 1.013 bars
computing units remaining = 0.000

change in the product phase assemblage

start or re-start of run

maximum number of steps

--- element totals for the aqueous phase ---
element mg/kg soln. molal conc. moles

o]
al
b
br
ca
cl
f
fe

8.598075E+05
3.943528E-05
4.455977E+00
6.501602E+01
3.889233E+02
1.869621E+04
1.338935E+00
2.623868E-08
1.081038E+05
1.786183E+01
5.618196E-04
5.989589E-02
3.855548E+02
1.242294E+03
1.040256E+04
1.929133E+00
8.745426E+02
7.863751E+00

5.562758E+01
1.512902E-09
4.266480E-04
8.422568E-04
1.004501E-02
5.458797E-01
7.295164E-05
4.863342E-13
1.110195E+02
1.539358E-03
1.877576E-08
4.885542E-07
1.020753E-02
5.290799E-02
4.683801E-01
7.110049E-05
2.823117E-02
9.290073E-05

5.562784E+01
1.512909E-09
4.266500E-04
8.422607E-04
1.004506E-02
5.458823E-01
7.295198E-05
4.863365E-13
1.110200E+02
1.539365E-03
1.877585E-08
4.885565E-07
1.020758E-02
5.290824E-02
4.683822E-01
7.110082E-05
2.823130E-02
9.290116E-05
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c03-- 1.539358E-03 1.539365E-03
S04-- 2.823117E-02 2.823130E-02
S-- 6.180482-141 6.180511-141

warning-- co3--, so4--, and s-- totals require that routine compl
have the names of non-carbonate carbon, sulfide sulfur,
and non-sulfate sulfur aqueous species

single ion activities and activity coefficients are here defined
with respect to the modified nbs ph scale

ph eh pe
modified nbs ph scale 6.7579 0.8184 1.3835E+01
rational ph scale 6.6459 0.8251 1.3947E+01

phcl=  7.2231

oxygen fugacity = 1.78589E-01
log oxygen fugacity = -0.74815

activity of water = 0.98231
log activity of water = -0.00775

ionic strength = 6.224964E-01 molal
sum of molalities = 1.0819386403006
osmotic coefficient= 0.91584

mass of solution = 1.035129 kg
mass of solutes 0.035125 kg
conc of solutes = 3.393277 per cent (w/w)

moles of solvent h2o0 = 5.55087E+01
mass of solvent h2o = 1.00000E+00 kg

species moles grams conc logconc logg log act

h2o 5.55087E+01 1.00000E+03 9.80881E-01 -0.00838 0.00063 -0.00775
cl- 5.24365E-01 1.85902E+01 5.24363E-01 -0.28037 -0.18479 -0.46516
na+ 4.44970E-01 1.02297E+01 4.44967E-01 -0.35167 -0.18908 -0.54075
mg++ 4.06169E-02 9.87193E-01 4.06167E-02 -1.39130 -0.53245 -1.92375
nacl(aq) 1.64852E-02 9.63433E-01 1.64851E-02 -1.78291 0.00000 -1.78291
S04-- 1.32289E-02 1.27081E+00 1.32288E-02 -1.87848 -0.73336 -2.61184
k+ 9.98095E-03 3.90238E-01 9.98090E-03 -2.00083 -0.21797 -2.21880
cat++ 9.08389E-03 3.64064E-01 9.08384E-03 -2.04173 -0.63896 -2.68069
mgso4(aq) 7.51825E-03 9.04961E-01 7.51821E-03 -2.12389 0.00000 -2.12389
naso4- 6.65764E-03 7.92614E-01 6.65760E-03 -2.17668 -0.15590 -2.33259
mgcl+ 4.62671E-03 2.76481E-01 4.62669E-03 -2.33473 -0.18908 -2.52381
hco3- 9.05631E-04 5.52590E-02 9.05626E-04 -3.04305 -0.15590 -3.19895
br- 8.34815E-04 6.67050E-02 8.34811E-04 -3.07841 -0.15590 -3.23432
caso4(aq) 6.58529E-04 8.96532E-02 6.58526E-04 -3.18143 0.00000 -3.18143
b(oh)3(aq) 4.21666E-04 2.60729E-02 4.21664E-04 -3.37503 0.00000 -3.37503
nahco3(aq) 2.59655E-04 2.18128E-02 2.59654E-04 -3.58560 0.00000 -3.58560
cacl+ 2.22654E-04 1.68172E-02 2.22653E-04 -3.65237 -0.18908 -3.84145
co2(aq) 2.21217E-04 9.73571E-03 2.21216E-04 -3.65518 0.05076 -3.60443
02(aq) 2.00817E-04 6.42589E-03 2.00816E-04 -3.69720 0.05076 -3.64645
kso4- 1.60278E-04 2.16635E-02 1.60278E-04 -3.79513 -0.15590 -3.95103
mghco3+ 1.26496E-04 1.07929E-02 1.26495E-04 -3.89793 -0.18908 -4.08700
Sr++ 8.05516E-05 7.05793E-03 8.05512E-05 -4.09393 -0.71026 -4.80418
sio2(aq) 7.02069E-05 4.21833E-03 7.02065E-05 -4.15362 0.00000 -4.15362
kel(aq) 6.62900E-05 4.94198E-03 6.62897E-05 -4.17855 0.00000 -4.17855
cacl2(aq) 5.56408E-05 6.17520E-03 5.56405E-05 -4.25461 0.00000 -4.25461
f- 5.52305E-05 1.04929E-03 5.52303E-05 -4.25782 -0.15590 -4.41373
cahco3+ 2.27057E-05 2.29543E-03 2.27056E-05 -4.64387 -0.18908 -4.83295
mgf+ 1.59957E-05 6.92669E-04 1.59957E-05 -4.79600 -0.18908 -4.98508
srso4(aq) 7.65564E-06 1.40622E-03 7.65560E-06 -5.11602 0.00000 -5.11602
nabr(aq) 7.38136E-06 7.59495E-04 7.38132E-06 -5.13187 0.00000 -5.13187
srcl+ 4.69069E-06 5.77296E-04 4.69067E-06 -5.32877 -0.18908 -5.51784
bo2- 2.00286E-06 8.57420E-05 2.00285E-06 -5.69835 -0.15590 -5.85426
mgb(oh)4+ 1.96684E-06 2.02871E-04 1.96684E-06 -5.70623 -0.18908 -5.89531
mgco3(aq) 1.92896E-06 1.62639E-04 1.92895E-06 -5.71468 0.00000 -5.71468
naf(aq) 1.11667E-06 4.68869E-05 1.11667E-06 -5.95208 0.00000 -5.95208
caco3(aq) 7.52629E-07 7.53286E-05 7.52626E-07 -6.12342 0.00000 -6.12342
c03-- 7.48308E-07 4.49054E-05 7.48304E-07 -6.12592 -0.64391 -6.76983
nab(oh)4(aq) 7.25089E-07 7.38359E-05 7.25085E-07 -6.13961 0.00000 -6.13961
caf+ 5.97533E-07 3.53001E-05 5.97531E-07 -6.22364 -0.18908 -6.41272
nahsio3(aq) 5.64680E-07 5.65139E-05 5.64677E-07 -6.24820 0.00000 -6.24820
io3- 4.88556E-07 8.54498E-05 4.88554E-07 -6.31109 -0.15590 -6.46699
cab(oh)4+ 2.89287E-07 3.44015E-05 2.89285E-07 -6.53867 -0.18908 -6.72775
nah3sio4(aq) 2.43472E-07 2.87533E-05 2.43471E-07 -6.61355 0.00000 -6.61355
naco3- 2.28942E-07 1.90020E-05 2.28941E-07 -6.64028 -0.15590 -6.79618
h+ 2.26014E-07 2.27809E-07 2.26013E-07 -6.64587 -0.11206 -6.75793
oh- 8.70694E-08 1.48082E-06 8.70690E-08 -7.06014 -0.18479 -7.24493
kbr(aq) 6.45195E-08 7.67796E-06 6.45192E-08 -7.19031 0.00000 -7.19031
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hsio3- 6.30894E-08 4.86366E-06 6.30891E-08 -7.20005 -0.15590 -7.35595

hso4- 5.82432E-08 5.65375E-06 5.82429E-08 -7.23476 -0.15590 -7.39066

mgh3sio4+ 2.05366E-08 2.45231E-06 2.05365E-08 -7.68747 -0.18908 -7.87655

hcl(aq) 1.27914E-08 4.66383E-07 1.27913E-08 -7.89308 0.00000 -7.89308

naoh(aq) 1.07010E-08 4.28009E-07 1.07010E-08 -7.97058 0.00000 -7.97058

hf(aq) 9.91859E-09 1.98435E-07 9.91854E-09 -8.00355 0.00000 -8.00355

mghpo4(aq) 6.85575E-09 8.24638E-07 6.85572E-09 -8.16395 0.00000 -8.16395

hpo4-- 3.82967E-09 3.67569E-07 3.82966E-09 -8.41684 -0.73336 -9.15020

h2po4- 2.83912E-09 2.75358E-07 2.83910E-09 -8.54682 -0.15590 -8.70272

caoh+ 2.56190E-09 1.46247E-07 2.56189E-09 -8.59144 -0.18908 -8.78052

nahpo4- 2.42638E-09 2.88664E-07 2.42637E-09 -8.61504 -0.15590 -8.77095

cah3sio4+ 2.02110E-09 2.73222E-07 2.02109E-09 -8.69442 -0.18908 -8.88349

srco3(aq) 1.95563E-09 2.88709E-07 1.95563E-09 -8.70871 0.00000 -8.70871

mgh2po4+ 1.66958E-09 2.02507E-07 1.66958E-09 -8.77739 -0.18908 -8.96647

srf+ 1.28964E-09 1.37499E-07 1.28963E-09 -8.88953 -0.18908 -9.07861

al(oh)4- 1.16173E-09 1.10377E-07 1.16172E-09 -8.93490 -0.15590 -9.09080

cahpo4(aq) 8.11173E-10 1.10366E-07 8.11169E-10 -9.09089 0.00000 -9.09089

cah2po4+ 1.60571E-10 2.20086E-08 1.60570E-10 -9.79434 -0.18908 -9.98341

al(oh)3(aq) 1.40938E-10 1.09937E-08 1.40938E-10 -9.85097 0.00000 -9.85097

mgpo4- 1.27963E-10 1.52629E-08 1.27962E-10 -9.89292 -0.15590 -10.04882

koh(aq) 1.17863E-10 6.61281E-09 1.17863E-10 -9.92862 0.00000 -9.92862

alf2+ 1.04192E-10 6.77023E-09 1.04192E-10 -9.98217 -0.18908 -10.17125
--- summary of solid product phases---

product log moles moles grams volume, cc

dolomite-ord -3.6174110 2.41318E-04 4.44993E-02 1.55264E-02

fluorapatite -6.6735111 2.12075E-07 1.06950E-04 3.34145E-05

muscovite -7.6530418 2.22310E-08 8.85477E-06 3.12812E-06

smectite-di -7.7468600 1.79118E-08 7.60343E-06 2.35613E-06

beidellite-ca -14.8476376 1.42024E-15 5.20607E-13 1.83964E-13

beidellite-k -14.8697238 1.34982E-15 5.03283E-13 1.80471E-13

beidellite-mg -14.3546213 4.41956E-15 1.60854E-12 5.44445E-13

beidellite-na -14.2171330 6.06551E-15 2.22929E-12 7.91791E-13

montmor-ca -12.3805923 4.16301E-13 1.52384E-10 5.54780E-11

montmor-k -12.1893451 6.46629E-13 2.40761E-10 8.88675E-11

montmor-mg -11.6766669 2.10539E-12 7.65186E-10 2.76326E-10

montmor-na -11.5482695 2.82964E-12 1.03852E-09 3.79938E-10

nontronite-ca
nontronite-k

nontronite-mg
nontronite-na

-8.7167566 1.91974E-09 8.14534E-07 2.51678E-07

-8.7391459 1.82328E-09 7.85074E-07 2.46636E-07

-8.2240433 5.96976E-09 2.51739E-06 7.74636E-07
-8.0865551 8.19304E-09 3.48423E-06 1.08238E-06

mass, grams volume, cc

created 4.462271E-02 1.556527E-02
destroyed 0.000000E+00 0.000000E+00
net 4.462271E-02 1.556527E-02

warning-- these volume totals may be incomplete because
of missing partial molar volume data in the data base

--- mineral saturation state summary ---

mineral affinity, kcal state mineral affinity, kcal state
albite -2.5089 albite high -4.3080
albite low -2.5089 alunite -7.9958
analcime -2.4146 andalusite -7.8474
anhydrite -1.3454 aragonite -1.5209
arcanite -7.1606 artinite -8.8234
bassanite -2.2305 beidellite-ca -3.1969
beidellite-h -4.3291 beidellite-k -3.2068
beidellite-mg -2.9749 beidellite-na -2.9130
bischofite -9.9496 bloedite -7.8886
boehmite -2.8881 boric acid -4.3873
brucite -6.4413 calcite -1.3239
caso4:0.5h2o(beta) -2.4598 celadonite -1.0738
celestite -2.3724 chalcedony -0.5805
chrysotile -6.4055 clinoptilolite-na  -9.5927
coesite -1.3156 corundum -8.7539
cristobalite -0.9616 cristobalite-a -0.9616
cristobalite-b -1.5666 dawsonite -1.2509
diaspore -1.7359 diopside -9.3587
dolomite 0.0000 dolomite-dis -2.1070
dolomite-ord 0.0000 satd enstatite -5.3155
epsomite -3.5847 fe(oh)3 -8.2804
fluorapatite 0.0000 satd fluorite -2.0071
gibbsite -0.6682 glauberite -4.7980
goethite -1.2832 gypsum -1.1265
halite -3.5354 hematite -1.2456
hexahydrite -3.8954 huntite -6.1626
ice -0.1995 illite -1.9866
jadeite -4.5155 k-feldspar -0.6511
kainite -9.4564 kalicinite -7.7784
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kalsilite -4.5622 kaolinite -1.0733
kbr -8.8982 kieserite -5.8341
kyanite -7.4783 lansfordite -4.4263
laumontite -7.0106 lawsonite -7.3160
magnesite -0.8982 maximum microcline  -0.6511
mesolite -0.7557 mgl1.25s04(0h)0.5:0 -9.2178
mirabilite -3.5895 monohydrocalcite -2.4719
montmor-ca -2.0862 montmor-k -2.0001
montmor-mg -1.7693 montmor-na -1.7114
mordenite -5.0849 muscovite 0.0000 satd
na4ca(so4)3:2h20 -9.2784 nabr -9.2075
nabr:2h2o -8.0419 nahcolite -4.9480
natrolite -5.7628 natron -9.8368
nepheline -6.2320 nesquehonite -4.6161
nontronite-ca -0.4367 nontronite-h -1.5689
nontronite-k -0.4467 nontronite-mg -0.2148
nontronite-na -0.1529 paragonite -3.0809
pentahydrite -4.3482 phlogopite -4.7031
picromerite -9.8118 pseudowollastonite  -9.9931
pyrophyllite -3.7052 quartz -0.2105
sanidine high -2.2872 saponite-ca -3.5948
saponite-h -4.7270 saponite-k -3.6047
saponite-mg -3.3728 saponite-na -3.3111
scolecite -4.3485 sellaite -1.8571
sillimanite -8.3434 sio2(am) -1.9646
srcl2:6h20 -9.9386 srf2 -6.9464
starkeyite -4.8660 stilbite -2.5873
strontianite -1.2709 sylvite -4.8157
syngenite -6.4798 talc -4.1031
thenardite -4.6171 tridymite -0.4445
wollastonite -9.6683
--- summary of solid solutions ---

mineral aff. kcal/mol mole frac. lambda state
biotite -4.7031

annite -4.70305 0.1236E-16 0.1527E-33

phlogopite -4.70305 1.000 1.000
carbonate-calcite -0.4814

calcite -0.48144 0.2412 1.000

magnesite -0.48144 0.4949 1.000

siderite -0.48144 0.4123E-17 1.000

strontianite -0.48144 0.2639 1.000
chlorite-ss -10.1820

clinochlore-14a -10.18197  1.000 1.000

daphnite-14a

clinoptilolite-ss

clinoptilolite-ca
clinoptilolite-k

clinoptilolite-na
clinoptilolite-sr

epidote-ss
clinozoisite
epidote

garnet-ss
andradite
grossular

olivine
fayalite
forsterite

orthopyroxene
enstatite
ferrosilite

plagioclase
albite high
anorthite
sanidine high

sanidine-ss
albite high
sanidine high
anorthite

saponite-tri
saponite-ca
saponite-h
saponite-k
saponite-mg
saponite-na

smectite-di
beidellite-ca
beidellite-k

-10.18197 0.2670E-

16 0.5082E-66

-8.8706
-8.87055 0.1021 0.3652E-02
-8.87055 0.1851 0.1577E-01
-8.87055 0.7031 0.4204
-8.87055 0.9674E-02 0.1108E-04
-13.3630
-13.36297 0.1766E-02 1.000
-13.36297 0.9982 1.000
-19.2389
-19.23887 0.9812 0.9812
-19.23887 0.1876E-01 0.1876E-01
-12.0705
-12.07055 0.6468E-15 2.174
-12.07055 1.000 1.000
-5.3155
-5.31549  1.000 1.000
-5.31549 0.2065E-15 1.000
-2.2679
-2.26792 0.3196E-01 1.000
-2.26792 0.8925E-08 1.000
-2.26792 0.9680 1.000
-2.2679
-2.26792 0.3196E-01 1.000
-2.26792 0.9680 1.000
-2.26792 0.8925E-08 1.000
-3.1581
-3.15807 0.1071 4.466

-3.15807 0.3274E-03 216.2

-3.15807 0.1018
-3.15807 0.3334
-3.15807 0.4573

4.621
2.087
1.689

0.0000

saturated

0.00000 0.7929E-07 0.5722E+05
0.00000 0.7536E-07 0.5920E+05
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beidellite-mg 0.00000 0.2467E-06 0.2674E+05

beidellite-na 0.00000 0.3386E-06 0.2163E+05
montmor-ca 0.00000 0.2324E-04 1272.
montmor-k 0.00000 0.3610E-04 947.3
montmor-mg 0.00000 0.1175E-03 429.5
montmor-na 0.00000 0.1580E-03 352.3
nontronite-ca 0.00000 0.1072 4.465
nontronite-k 0.00000 0.1018 4.622
nontronite-mg 0.00000 0.3333 2.088
nontronite-na 0.00000 0.4574 1.689

solid solution product phases
xbar lambda activity log xbar log lambda log activity

smectite-di
ideal solution

beidellite-ca

0.7929E-07 0.5722E+05 0.4537E-02 -7.101 4758  -2.343
beidellite-k

0.7536E-07 0.5920E+05 0.4461E-02 -7.123 4772 -2.351
beidellite-mg

0.2467E-06 0.2674E+05 0.6598E-02 -6.608 4427 -2.181
beidellite-na

0.3386E-06 0.2163E+05 0.7325E-02 -6.470 4335 -2.135
montmor-ca

0.2324E-04 1272.  0.2957E-01 -4.634 3.105 -1.529
montmor-k

0.3610E-04 947.3  0.3420E-01 -4.442 2976  -1.466
montmor-mg

0.1175E-03 429.5  0.5049E-01 -3.930 2.633 -1.297
montmor-na

0.1580E-03 352.3  0.5566E-01 -3.801 2547 -1.254
nontronite-ca

0.1072 4465 0.4786 -0.9699 0.6498 -0.3201
nontronite-k

0.1018 4.622 0.4705 -0.9923 0.6648 -0.3275
nontronite-mg

0.3333 2.088 0.6959 -0.4772 0.3197 -0.1575
nontronite-na

0.4574 1689 0.7725 -0.3397 0.2276 -0.1121

start time = 18:52 5Dec91
end time =18:54  5Dec91

user time = 63.330
cputime=  8.290

--- no further input found ---

6.3. Calculating High Temperature pH from Quench pH

This example illustrates EQG6'’s capability to calculate high temperature properties from measure-
ments of fluid samples that have been quenched (cooled to room temperature). The problem here
is to calculate then situ (at temperaturg)H of the fluid in an autoclave experiment from a mea-
surement of quengbH (the value measured at room temperature). This calculation also yields
otherin situ properties, such as redox potential and mineral saturation indices. The activity coef-
ficients of the aqueous species are computed from the B-dot equapigh<£ 0). The supporting

data file is thecom file.

The quenched fluid in the present example is taken from Knauss and Peifer (1986). The EQ3NR
input file which initializes this calculation iguenchfl.3i (see Appendix F). The EQ3NR calcu-
lation pertains to the quench temperature, which is taken to’e Rbte that the analysis of the

fluid must be essentially complete. Tiiekup file from this run was used as the bottom part of

the EQGinput file heatqf.6i, which is presented below in both formats.
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This EQ6 run steps the temperature from the quench valué@it@%hein situ value of 150C.

In this example, the temperature was stepped up tt&C19® do this, thénput file variable
tempcOwas set to 25. The variajtemp was set to O, art#1 was set to 125. Thjeemp option

means that the temperature is computed from the forteugac = tempcO+ tk1*zil +

tk2*zi1**2 + tk3*zi1**3. In this case, the temperature follows a path froni@%o 150C. No
minerals are precipitated in this EQ6 run because precipitation is globally suppressed by means
of thenxopt subset selection suppression optialt™ This option should generally be employed

in extrapolating fluid quench chemistriescsitu conditions.

Itis also possible to compute the properties of a fluid at different temperature using a temperature
jump, as opposed to stepping the temperature up (or down) to the desired value (see Chapter 7).
This can be done by settitgmpcOto the desired value. The present version of EQ6 often has
difficulty converging for temperature jumps greater than abodC2%lthough the actual limit

varies with the fluid chemistry.

Parts of theoutput file for this examplel{eatqf.69 are presented below. Included are the print
points for 28C and 150C (thein situtemperature). The measured quepkhis 6.17. The cal-
culatedn situvalue is 6.38. The solution is calculated to be multiply-supersaturatedmsdar
conditions. This is a realistic result, considering that the fluid was sampled after only one day of
reaction with ground tuff.

The EQ6input file (heatqf.6i), heat quenched fluid to 150 (“W” format):

EQ6 input file name= heatqf.6i

Description= "Heat a quenched fluid to find the in situ pH"
Version number= 3245 Stage number= 01

Created 10/29/90 Creator=T.J. Wolery

Revised 10/29/90 Revisor= T.J. Wolery

Heat quenched fluid from a hydrothermal experiment involving the
reaction of water with vitric tuff. This fluid is for day 16
of the 150 C experiment reported by Knauss and Peifer (1986,
Appendix B2, p. 31). In Table 4, p. 12, they report a calculated
in situ pH of 6.39.

Purpose: to test the ability of the code to compute the high
temperature, in situ pH of a fluid from the measured quench pH.

Note that unit change in the reaction progress variable
corresponds to an increase of 100 C in the temperature.

The "all" mineral subset-selection suppression option is used
to prevent the formation of any pure mineral precipitates. The
option switch iopt4 is set to O to prevent the formation of any
solid solutions.

References

Knauss, K. G., and Peifer, D. W., 1986, Reaction of Vitric Topopah
Spring Tuff and J-13 Ground Water under Hydrothermal Conditions
Using Dickson-Type, Gold-Bag Rocking Autoclaves: UCRL-53795,
Lawrence Livermore National Laboratory, Livermore, California,

39 p.

endit.
nmodll= 2 nmodi2= 0
tempcO= 2.50000E+01 jtemp= 0
tk1= 100.000E+00 tk2=0.00000E+00 tk3= 0.00000E+00
zistrt= 0.00000E+00  zimax= 1.25000E+00
tstrt= 0.00000E+00 timemx= 1.00000E+38
kstpmx= 200 cplim= 0.00000E+00
dzprnt= 1.00000E+38 dzprlg= 1.00000E+38 ksppmx= 100
dzplot= 1.00000E+38 dzpllg= 1.00000E+38 ksplmx= 10000

ifile= 60
* 1 2 3 45 6 7 8 910
ioptl-10= 0 0 0 0 0 0 O O O O
11-20= 0 0 0 0 O O O O O O
jopr1-10= 0 0 0 0 0 0O O O O O
ioprl1-20= 0 0 0 0 0 O O O O O
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jodb1-10= 0 0 0 0 0 0 O O O O
11-20= 0 0 0 0O 0 0 0 O O O
* nxopt = number of mineral subset-selection suppression options
* nxopex = number of exceptions
nxopt= 1
option= all
nxopex= 0
* nffg = number of gas species with fixed fugacities
nffg= 0
* nrct = number of reactants
nrct= 0

dizidp= 0.00000E+00
tolbt= 0.00000E+00 toldl= 0.00000E+00  tolx= 0.00000E+00
tolsat= 0.00000E+00 tolsst= 0.00000E+00

screwl= 0.00000E+00 screw2= 0.00000E+00 screw3= 0.00000E+00
screw4= 0.00000E+00 screw5= 0.00000E+00 screw6= 0.00000E+00

zklogu= 0.000 zklogl= 0.000 zkfac= 0.000
dlzmx1= 0.00000E+00 dlzmx2= 0.00000E+00 nordim= 0
itermx= 0 ntrymx= 0

npsimx= 0 nssimx= 0 ioscan= 0

*

* pickup file written by eq3nr.3245R124x

* supported by eqlib.3245R153

EQ3NR input file name= quenchfl.3i

Description= "Quenched fluid from a hydrothermal experiment"
Version number= 3245 Stage number= 01

Created 10/29/90 Creator= T.J. Wolery

Revised 10/29/90 Revisor= T.J. Wolery

Quenched fluid from a hydrothermal experiment involving the
reaction of water with vitric tuff. This fluid is for day 16
of the 150 C experiment reported by Knauss and Peifer (1986,
Appendix B2, p. 31).

Purpose: to test the ability of the code to compute the high
temperature, in situ pH of a fluid from the measured quench pH.
This test case produces a model of the quenched solution, which
is used to initialize the EQ®6 test case input file heatqf.6i,
which takes the fluid up to the in situ temperature and gives
the in situ pH.

Data for the following was originally specified as:
Si02(aq) : Si =156 mg/L
References
Knauss, K. G., and Peifer, D. W., 1986, Reaction of Vitric Topopah
Spring Tuff and J-13 Ground Water under Hydrothermal Conditions
Using Dickson-Type, Gold-Bag Rocking Autoclaves: UCRL-53795,

Lawrence Livermore National Laboratory, Livermore, California,
39 p.

endit.
tempci= 0.25000E+02
nxmod= 0
iopgl= 0 iopg2= 0 iopg3= 0
iopg4= 0 iopgs= 0 iopg6= 0
iopg7= 0 iopg8= 0 iopg9= 0
iopgl0= 0
ket= 13 ksq= 14 kmt= 14
kxt= 14 kdim= 14 kprs= 0
o 0.555269815717476E+02
al 0.518873275376966E-04
ca 0.134737262343943E-03
cl 0.211549472959789E-03
f 0.121062826533055E-03
h 0.111017869724876E+03
c 0.233049271133101E-02
k 0.409224953515136E-03
mg 0.617156963631210E-05
na 0.254200020270319E-02
n 0.106443131789226E-03
si 0.555386348846496E-02
s 0.238383737448853E-03
electr 0.147080043065439E-02
h2o h2o 0.174435898352698E+01
al+++ al+++ -0.795715886948377E+01
cat++ cat++ -0.388252699125854E+01
cl- cl- -0.367476711288551E+01
f- f- -0.448269911100242E+01
h+ h+ -0.614579779615327E+01
hco3- hco3- -0.301555046817940E+01
k+ k+ -0.338864222507918E+01
mg++ mg++ -0.522955964427169E+01
na+ na+ -0.259591848324627E+01
no3- no3- -0.397310892845145E+01
sio2(aq) sio2(aq) -0.225549180379597E+01
S04-- S04-- -0.363442314484525E+01
02(9) 02(9) -0.700000000000000E+00
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The EQ6input file (heatqf.6i), heat quenched fluid to 180 (“D” format):

EQ6 input file name= heatqf.6i

Description= "Heat a quenched fluid to find the in situ pH" |
Version number= 3245 Stage number= 01 |
Created 10/29/90 Creator= T.J. Wolery |
Revised 10/29/90 Revisor= T.J. Wolery |

Heat quenched fluid from a hydrothermal experiment involving the |
reaction of water with vitric tuff. This fluid is for day 16 |
of the 150 C experiment reported by Knauss and Peifer (1986, |
Appendix B2, p. 31). In Table 4, p. 12, they report a calculated |
in situ pH of 6.39. |

|
Purpose: to test the ability of the code to compute the high |
temperature, in situ pH of a fluid from the measured quench pH. |

Note that unit change in the reaction progress variable |
corresponds to an increase of 100 C in the temperature. |

The "all" mineral subset-selection suppression option is used |
to prevent the formation of any pure mineral precipitates. The |
option switch iopt4 is set to 0 to prevent the formation of any |
solid solutions.

|

References |

|
Knauss, K. G., and Peifer, D. W., 1986, Reaction of Vitric Topopah |
Spring Tuff and J-13 Ground Water under Hydrothermal Conditions |
Using Dickson-Type, Gold-Bag Rocking Autoclaves: UCRL-53795, |
Lawrence Livermore National Laboratory, Livermore, California, |

39 p.
|
[
calculational mode [*normal | economy | super economy|
|
|
model type | titration |*closed | open |
|
|
temperature model |*power | fluid mixing |

c power model --> temp = tstart + tk1*zi + tk2*zi**2 + tk3*zi**3 |
¢ mixing model --> temp = (tstart * tk1 + zi*tk2) / (zi + tk1) |
|

C
tstart(c)] 25.00 |tk1] 100.0 [tk2| O. [tk3] O. |
|

|
starting value of zi| 0. |max. value of zi | 1.2500 |
|

|
starting time (sec) | 0. |max.time (sec) |1.00000E+38 |
|

|
max. steps | 200 |max. steps w/o print| 100 |
|

linear print interval| 1.00000E+38|log print interval | I1.00000E+38 |
|
|

suppress mineral phases |

phases w/ elements| all | In
phases except | | In

|

fixed fugacity phases- species, moles(per kg h20), Iolg fugacity(bars)|
|
|

none | | In

c RATE LAWS

c 1 =relative rate = rk1 + rk2*zi + (1/2)rk3*zi*zi

¢ 2 = transition state theory rate = CHECK DOCUMENTATIONCc 3 = specified rate
¢ 4 = activity term rate rate = CHECK DOCUMENTATION

c REACTANT TYPES
c mineral solid solution special aqueous gas
c

c SURFACE TYPE
¢ 0 = fixed surface area 1 = fixed specific surface area
c

c NOTES
c status and jreac are normally not set by the user

|
|

reactants (ss) solid solution only  (sp) special reactant only |
|

REACTANT | none |status | |

options |

- SOLID SOLUTIONS - |
* ignore solid solutions |
process solid solutions |
- LOADING OF SPECIES INTO MEMORY - |
* don't print |
lists species loaded into memory |
- LIST DERIVATIVES OF BASIS ELEMENTS AT EACH PRINT POINT -
*don't print |
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print |
- LIST ALL SPECIES LOADED INTO MEMORY AND THEIR LOG K VALUES - |
* don't print |
print |
- LIST DISTRIBUTION OF AQUEOUS SPECIES AT EACH PRINT POINT - |
* only species > 10**-12 molal |
all species |
don't print |
- LIST CATION/H+ ACTIVITY RATIOS AT EACH PRINT POINT - |
* don't print |
print |
- LIST BULK ELEMENT AND OXIDE COMPOSITION AT EACH PRINT POINT - |
* don't print |
print |
- MINERAL SATURATION STATES - |
* print if affinity > -10 kcals |
print all |
don't print |
- LIST GAS SPECIES SUMMARY AT EACH PRINT POINT - |
* don't print |
print |
- PRINT AQUEOUS MASS AND CONCENTRATION TOTALS - |
* don't print |
print |
- TAB FILES - |
* write |
append to previous tabx file |
don't write |
- WRITE PICKUP FILE - |
* write pickup file at end of run |
don't write pickup file |
write pickup file for each print point |
- PHYSICALLY REMOVED SUBSYSTEM - |
* does nothing |
transfer minerals but leave trivial mass in the system |
transfer minerals |
- CLEAR INITIAL PHYSICALLY REMOVED SUBSYSTEM -
* does nothing |
clear p.r.s. before first reaction progress advance |
- PHASE BOUNDARY SEARCH - |
* step size constrained by predicted phase boundaries
phase boundaries estimated from Taylor's series and printed |
locations of phase boundaries ignored |
- AUTO BASIS SWITCHING - |
* off |

on |
- SUPPRESS REDOX REACTIONS - |
* does nothing |
suppress all redox reactions |
- LINEAR OR LOGARITHMIC TAYLOR'S SERIES - |
* linear for kcol = 1,kdim, logarithmic for kcol = 1,kbt |
logarithmic for kcol = 1,kbt |
linear for kcol = 1,kdim |
- AZERO AND HYDRATION NUMBERS - |
* no change |
read in new azero and hydration numbers |
- PRINT MEAN MOLAL ACTIVITY COEFFICIENTS FOR DISSOLVED SPECIES - |
* does nothing |
print |
- PITZER DATABASE INFORMATION - |
* print only warnings
print species in model and number of Pitzer coefficients |
print species in model and names of Pitzer coefficients |
- PRINT DIAGNOSTIC MESSAGES - |
* don't print |
print level 1 messages |
print level 2 messages |
- PRINT PRE-NEWTON-RAPHSON OPTIMIZATION -
* don't print |
print summary information |
print detailed information |
- PRINT STEP SIZE AND ORDER - |
* don't print |
print scale factor |
print orders and step size scaling factors |
- CONTROL STEP SIZE AND ORDER PRINT -
* does nothing |
print step size and order when delzi .le. dlzmx1 |
- NEWTON ITERATIONS - |
* don't print |
print summary of newton iterations
print summary, residual functions and correction terms |
print summary, residual functions, correction terms and matrix |
- PRINT SEARCH ITERATIONS -
* don't print |
print |
- PRINT HPSAT ITERATIONS - |
* don't print |
print |
- PRINT FINITE DIFFERENCE AND DERIVATIVE DATA - |
* don't print
print computations from RDERIV, and RTAYLR |
print computations from RDERIV, RTAYLR, DERIV and TAYLOR |
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- PRINT KINETICS DIAGNOSTIC MESSAGES -
* don't print |
print level 1 diagnostics |
print level 1 and level 2 diagnostics |
- PRINT AKMATR - |
* don't print |
print level 1 diagnostics |
- KILL ITERATION VARIABLES - |
* does nothing |

allow selection of variables to remove |

development options (used for code development)
|

|
0 check finite difference and Taylor series expression |
0 check reaction rate finite difference and Taylor series |
|

|
tolerances desired values - defaults info-only |

|

|
number of N-R iterations | | 40 itermx|
p.r.s. transfer interval | | varies dlzidp |
residual magnitude | | 1.0e-06 tolbt |
correction magnitude | | 1.0e-06 toldl |
search/find tolerance | | varies tolx |
supersaturation | | varies tolsat |
supersaturation set size | | varies tolsst |
max. size Taylor's series term | | 1.0e-04 screwl |
max. initial value betamx | | nfa  screw2 |
max. Taylor's series term (kin.)| | 1.0e-04 screw3 |
corrector iteration | | 1.0e-04 screw4 |
max. size of N-R correction term| | 4.0 screw5 |
step size (economy mode) | | 4.0 screw6 |
log mass of phases | | varies zklogu |
decrement mass (p.r.s.) | | 2.0 zklogl |
min. left after p.r.s. | | .98 zkfac |
initial step size | | varies dlzmx1 |
upper limit step size | | varies dlzmx2 |
maximum order | | 6 nordim |
num. attempted assemblages | | 25  ntrymx |
slide -> over phase bound. | | 8 npsimx |
slide -> over redox insta. | | 3 nssimx |

fo2 scan control | | none ioscan |

|
|
¢ pickup file written by eq3nr.3245R124 |
¢ supported by eqlib.3245R153 |
EQ3NR input file name= quenchfl.3i
Description= "Quenched fluid from a hydrothermal experiment"
Version number= 3245 Stage number= 01
Created 10/29/90 Creator= T.J. Wolery |
Revised 10/29/90 Revisor= T.J. Wolery |

|
Quenched fluid from a hydrothermal experiment involving the
reaction of water with vitric tuff. This fluid is for day 16 |
of the 150 C experiment reported by Knauss and Peifer (1986,
Appendix B2, p. 31). |

|
Purpose: to test the ability of the code to compute the high
temperature, in situ pH of a fluid from the measured quench pH.

is used to initialize the EQ6 test case input file heatqf.6i, |
which takes the fluid up to the in situ temperature and gives
the in situ pH.
Data for the following was originally specified as: |
SiO2(aq) : Si =156 mg/L |
|

References |

Lawrence Livermore National Laboratory, Livermore, California,
39 p.
|

temperature (C) | 25.000 | |

electrical imbalance | 1.47080043065435:)0E-03 |
number of aqueous master species | 14 : |
position of last pure mineral | 14 : |

position of last solid solution | 14 I |

none |

iopg options |

- pH SCALE CONVENTION -
* modified NBS |

This test case produces a model of the quenched solution, which

|
Knauss, K. G., and Peifer, D. W., 1986, Reaction of Vitric Topopah
Spring Tuff and J-13 Ground Water under Hydrothermal Conditions
Using Dickson-Type, Gold-Bag Rocking Autoclaves: UCRL-53795,

|

suppressed species  (suppress,replace,augmentk,augmentg) value |
|
|
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internal |
rational |
- ACTIVITY COEFFICIENT OPTIONS -
* use B-dot equation |
Davies' equation |
Pitzer's equations |

elements, moles and moles aqueous |

|
o] | 5.552698157174760E+01| O.OOOOO(IJOOOOOOOOOE+OO|

al | 5.188732753769660E-05] 0.000000000000000E+00|
ca | 1.347372623439430E-04| 0.000000000000000E+00|
cl | 2.115494729597890E-04| 0.000000000000000E+00|
f | 1.210628265330550E-04| 0.000000000000000E+00|
h | 1.110178697248760E+02| 0.000000000000000E+00|
c | 2.330492711331010E-03| 0.000000000000000E+00|
k | 4.092249535151360E-04| 0.000000000000000E+00|
mg | 6.171569636312100E-06] 0.000000000000000E+00|
na | 2.542000202703190E-03| 0.000000000000000E+00|
n | 1.064431317892260E-04| 0.000000000000000E+00|
si | 5.553863488464960E-03| 0.000000000000000E+00|

S | 2.383837374488530E-04| 0.000000000000000E+00|
|

I
master species and logarithmic basis variables |

|
h2o0 |h20 | 1.744358983526980E+00)]

al+++ |al+++ | -7.957158869483770E+00|
cat++ |ca++ | -3.882526991258540E+00|
cl- |cl- | -3.674767112885510E+00|

f- |f- | -4.482699111002420E+00|

h+ |h+ | -6.145797796153270E+00|
hco3- |hco3- | -3.015550468179400E+00|
k+ |k+ | -3.388642225079180E+00|
mg++ |mg++ | -5.229559644271690E+00|
na+ |na+ | -2.595918483246270E+00|
no3- |no3- -3.973108928451450E+00|
sio2(aq) |sio2(aq) | -2.255491803795970E+00|
S04-- |so4-- | -3.634423144845250E+00|
02(g) |02(9) | -7.0000000000000|00E-01|

I
physically removed subsystem (solid solution, mineral, moles) |
|

I
none | | |

The EQ6output file (heatqf.69), heat quenched fluid to 180 (partial reproduction)

(Material deleted)

stepping to zi= 0.0000E+00, delzi= 0.0000E+00, nord= 0

attempted species assemblage no. 1

1 1 h2o0

2 3 al+++

3 11 cat+

4 14 cl-

5 22 f

6 26 h+

7 28 hco3-

8 35 k+

9 40 mg++

10 43 na+

11 47 no3-

12 60 sio2(aq)

13 63 so4--

14 79 02(g)
iter= 1

reaction progress = 0.00000000000000E+00

log of reaction progress = -999.0000000
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temperature 25.000 degrees ¢

total pressure 1.013 bars

computing units remaining= 0.000
start or re-start of run

--- element totals for the aqueous phase ---

element mg/kg soln. molal conc. moles
o 8.878816E+05 5.552698E+01 5.552698E+01
al 1.399186E+00 5.188733E-05 5.188733E-05
ca 5.396859E+00 1.347373E-04 1.347373E-04
cl 7.495637E+00 2.115495E-04 2.115495E-04

f

2.298662E+00

1.210628E-04

1.210628E-04

h 1.118343E+05 1.110179E+02 1.110179E+02
c 2.797527E+01 2.330493E-03 2.330493E-03

k 1.599069E+01 4.092250E-04 4.092250E-04

mg 1.499127E-01 6.171570E-06 6.171570E-06
na 5.840601E+01 2.542000E-03 2.542000E-03
n 1.490054E+00 1.064431E-04 1.064431E-04

si 1.558923E+02 5.553863E-03 5.553863E-03

s 7.639566E+00 2.383837E-04 2.383837E-04

c03-- 2.330493E-03 2.330493E-03

S04-- 2.383837E-04 2.383837E-04

S-- 9.978163-142 9.978163-142
warning-- co3--, so4--, and s-- totals require that routine compl
have the names of non-carbonate carbon, sulfide sulfur,

and non-sulfate sulfur aqueous species

single ion activities and activity coefficients are here defined
with respect to the modified nbs ph scale

ph eh pe
modified nbs ph scale 6.1700 0.8537 1.4431E+01
rational ph scale 6.1458 0.8551 1.4455E+01
phcl=  9.8703
oxygen fugacity = 1.99526E-01
log oxygen fugacity = -0.70000
activity of water = 0.99979
log activity of water = -0.00009
ionic strength = 2.904497E-03 molal
sum of molalities = 0.0118537298584
osmotic coefficient = 0.99072
mass of solution = 1.000582 kg
mass of solutes = 0.000582 kg
conc of solutes = 0.058170 per cent (w/w)
moles of solvent h2o = 5.55084E+01
mass of solvent h2o = 1.00000E+00 kg
species moles grams conc log conc
h2o 5.55084E+01 1.00000E+03 9.99786E-01 -0.00009
sio2(aq) 5.55275E-03 3.33633E-01 5.55275E-03 -2.25549
na+ 2.53560E-03 5.82930E-02 2.53560E-03 -2.59592
co2(aq) 1.36130E-03 5.99106E-02 1.36130E-03 -2.86605
hco3- 9.64827E-04 5.88710E-02 9.64827E-04 -3.01555
k+ 4.08656E-04 1.59778E-02 4.08656E-04 -3.38864
02(aq) 2.52046E-04 8.06517E-03 2.52046E-04 -3.59852
S04-- 2.32047E-04 2.22913E-02 2.32047E-04 -3.63442
cl- 2.11462E-04 7.49691E-03 2.11462E-04 -3.67477
cat++ 1.31061E-04 5.25266E-03 1.31061E-04 -3.88253
no3- 1.06388E-04 6.59656E-03 1.06388E-04 -3.97311
f- 3.29080E-05 6.25198E-04 3.29080E-05 -4.48270
alf2+ 2.74165E-05 1.78148E-03 2.74165E-05 -4.56199
alf3(aq) 1.00943E-05 8.47690E-04 1.00943E-05 -4.99592
mg++ 5.89441E-06 1.43264E-04 5.89441E-06 -5.22956
nahco3(aq) 3.10024E-06 2.60442E-04 3.10024E-06
naso4- 3.06782E-06 3.65235E-04 3.06782E-06 -5.51317
alf++ 2.64664E-06 1.21692E-04 2.64664E-06 -5.57730
caso4(aq) 2.46485E-06 3.35569E-04 2.46485E-06

al(oh)4-

2.42312E-06 2.30223E-04 2.42312E-06
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al(oh)3(aq) 1.51147E-06 1.17900E-04 1.51147E-06 -5.82060 0.00000 -5.82060

al(oh)2+ 1.24240E-06 7.57815E-05 1.24240E-06 -5.90574 -0.02617 -5.93191
cahco3+ 1.11968E-06 1.13194E-04 1.11968E-06 -5.95091 -0.02617 -5.97708
hsio3- 9.70472E-07 7.48153E-05 9.70472E-07 -6.01302 -0.02507 -6.03808
h+ 7.14829E-07 7.20505E-07 7.14829E-07 -6.14580 -0.02420 -6.17000
kso4- 5.66596E-07 7.65822E-05 5.66596E-07 -6.24673 -0.02507 -6.27179
all304(oh)24(7+) 4.87249E-07 4.00974E-04 4.87249E-07 -6.31225 -1.22444 -7.53669
mgso4(aq) 2.23075E-07 2.68513E-05 2.23075E-07 -6.65155 0.00000 -6.65155
aloh++ 1.22735E-07 5.39898E-06 1.22735E-07 -6.91103 -0.10309 -7.01412
nahsio3(aq) 9.73484E-08 9.74277E-06 9.73484E-08 -7.01167 0.00000 -7.01167
alf4- 8.34409E-08 8.59234E-06 8.34409E-08 -7.07862 -0.02507 -7.10369
nacl(aq) 7.95510E-08 4.64916E-06 7.95510E-08 -7.09935 0.00000 -7.09935
Cco3-- 7.95487E-08 4.77365E-06 7.95487E-08 -7.09937 -0.10005 -7.19942
cano3+ 5.55138E-08 5.66701E-06 5.55138E-08 -7.25560 -0.02617 -7.28177
mghco3+ 4.94484E-08 4.21905E-06 4.94484E-08 -7.30585 -0.02617 -7.33202
nah3sio4(aq) 4.27206E-08 5.04516E-06 4.27206E-08 -7.36936 0.00000 -7.36936
hf(aq) 3.09267E-08 6.18731E-07 3.09267E-08 -7.50967 0.00000 -7.50967
caf+ 1.64795E-08 9.73548E-07 1.64795E-08 -7.78306 -0.02617 -7.80923
oh- 1.58602E-08 2.69739E-07 1.58602E-08 -7.79969 -0.02550 -7.82519
caco3(aq) 1.39484E-08 1.39605E-06 1.39484E-08 -7.85548 0.00000 -7.85548
hso4- 1.25319E-08 1.21649E-06 1.25319E-08 -7.90198 -0.02507 -7.92705
al+++ 1.10367E-08 2.97788E-07 1.10367E-08 -7.95716 -0.21547 -8.17262
naf(aq) 7.45670E-09 3.13093E-07 7.45670E-09 -8.12745 0.00000 -8.12745
cacl+ 4.43754E-09 3.35171E-07 4.43754E-09 -8.35286 -0.02617 -8.37903
mgf+ 3.49707E-09 1.51435E-07 3.49707E-09 -8.45630 -0.02617 -8.48246
kcl(aq) 2.45408E-09 1.82954E-07 2.45408E-09 -8.61011 0.00000 -8.61011
cah3sio4+ 1.46465E-09 1.97999E-07 1.46465E-09 -8.83427 -0.02617 -8.86044
also4+ 1.34090E-09 1.64991E-07 1.34090E-09 -8.87261 -0.02617 -8.89877
mgcl+ 7.30976E-10 4.36814E-08 7.30976E-10 -9.13610 -0.02617 -9.16227
naco3- 5.22351E-10 4.33546E-08 5.22351E-10 -9.28204 -0.02507 -9.30710
mgco3(aq) 2.83389E-10 2.38938E-08 2.83389E-10 -9.54762 0.00000 -9.54762
mgh3sio4+ 1.17976E-10 1.40878E-08 1.17976E-10 -9.92821 -0.02617 -9.95437
mass, grams volume, cc

created 0.000000E+00 0.000000E+00
destroyed 0.000000E+00 0.000000E+00
net 0.000000E+00 0.000000E+00

warning-- these volume totals may be incomplete because
of missing partial molar volume data in the data base

--- mineral saturation state summary ---

mineral affinity, kcal state mineral affinity, kcal state
albite 7.1063 ssatd albite high 5.3072 ssatd
albite low 7.1063 ssatd alf3 -4.9439

alunite 6.1748 ssatd amesite-14a -9.7540
analcime 4.6513 ssatd analcime-dehy -4.0291
andalusite 5.7080 ssatd anhydrite -4.6562
anorthite -0.4753 aragonite -3.8840

bassanite -5.5361 beidellite-ca 18.5364 ssatd
beidellite-h 17.9620 ssatd beidellite-k 18.2810 ssatd
beidellite-mg 18.2854 ssatd beidellite-na 18.1764 ssatd
boehmite 2.6000 ssatd caal204:10h20 -9.8977
calcite -3.6869 caso4:0.5h2o(beta) -5.7654
celadonite 6.1119 ssatd chalcedony 2.0091 ssatd
clinozoisite 0.3626 ssatd coesite 1.2740 ssatd
cordierite anhyd -6.5318 cordierite hydr -3.1485
corundum 2.2119 ssatd cristobalite 1.6280 ssatd
cristobalite-a 1.6280 ssatd cristobalite-b 1.0230 ssatd
dawsonite 1.6137 ssatd diaspore 3.7522 ssatd
dolomite -7.5922 dolomite-dis -9.6992
dolomite-ord -7.5922 enstatite -8.9628

epsomite -9.6886 fluorite -4.0406

gibbsite 4.8304 ssatd gismondine 14.6543 ssatd
gypsum -4.4165 ice -0.1891

illite 16.6813 ssatd jadeite 2.5102 ssatd
k-feldspar 10.1714 ssatd kalicinite -9.1947

kalsilite 1.0811 ssatd kaolinite 15.0926 ssatd
kyanite 6.0770 ssatd lansfordite -9.6033
laumontite 10.9847 ssatd lawsonite 5.4792 ssatd
magnesite -6.1274 margarite 10.2971 ssatd
maximum microcline  10.1714 ssatd mesolite 13.3049 ssatd
monohydrocalcite -4.8245 montmor-ca 14.8248 ssatd
montmor-k 14.6654 ssatd montmor-mg 14.6688 ssatd
montmor-na 14.5556 ssatd mordenite 10.9201 ssatd
mordenite-dehy -9.7193 muscovite 21.7988 ssatd
nahcolite -7.5715 natrolite 5.7198 ssatd
nepheline -1.7959 nesquehonite -9.8140

niter -9.8319 okenite -8.9170

paragonite 17.5106 ssatd prehnite -0.8183
pyrophyllite 17.6295 ssatd quartz 2.3791 ssatd
sanidine high 8.5353 ssatd scolecite 11.0467 ssatd
sellaite -6.7568 sillimanite 5.2120 ssatd
sio2(am) 0.6250 ssatd stilbite 23.1592 ssatd
tridymite 2.1451 ssatd wairakite 4.9691 ssatd
zoisite 0.3016 ssatd
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stepping to zi= 1.0000E-02, delzi= 1.0000E-02, nord= 0
steps completed = 1, iter = 4, ncorr =0

most rapidly changing is zvclg1(o2(g) )= -0.6928
stepping to zi= 2.0000E-02, delzi= 1.0000E-02, nord= 0
steps completed = 2, iter = 4, ncorr =0

most rapidly changing is zvclg1(o2(g) )= -0.6857
stepping to zi= 3.0000E-02, delzi= 1.0000E-02, nord= 0
steps completed = 3, iter = 4, ncorr =0

most rapidly changing is zvclg1(o2(g) )= -0.6789
stepping to zi= 4.0000E-02, delzi= 1.0000E-02, nord= 0
steps completed = 4, iter = 4, ncorr =0

most rapidly changing is zvclg1(al+++ )= -7.9747

(Material deleted)

stepping to zi= 1.1790E+00, delzi= 2.7956E-02, nord= 6
steps completed = 47, iter = 1, ncorr =0

most rapidly changing is zvclg1(al+++ )= -15.8720
stepping to zi= 1.2070E+00, delzi= 2.8005E-02, nord= 6
steps completed = 48, iter = 1, ncorr =0

most rapidly changing is zvclg1(al+++ )= -16.0847
stepping to zi= 1.2350E+00, delzi= 2.8058E-02, nord= 6
steps completed = 49, iter = 1, ncorr =0

most rapidly changing is zvclg1(al+++ )= -16.2972
stepping to zi= 1.2500E+00, delzi= 1.4985E-02, nord= 6
steps completed = 50, iter = 1, ncorr =0
most rapidly changing is zvclg1(al+++

)= -16.4104

reaction progress

log of reaction progress = 0.0969100

= 1.25000000000000E+00

temperature = 150.000 degrees c

total pressure = 4.757 bars

computing units remaining= 0.000

maximum value of reaction progress
--- element totals for the aqueous phase ---
element mg/kg soln. molal conc. moles

(o] 8.878816E+05 5.552698E+01 5.552698E+01
al 1.399186E+00 5.188733E-05 5.188733E-05
ca 5.396859E+00 1.347373E-04 1.347373E-04
cl 7.495637E+00 2.115495E-04 2.115495E-04
f 2.298662E+00 1.210628E-04 1.210628E-04
h 1.118343E+05 1.110179E+02 1.110179E+02
c 2.797527E+01 2.330493E-03 2.330493E-03
k 1.599069E+01 4.092250E-04 4.092250E-04
mg 1.499127E-01 6.171570E-06 6.171570E-06
na 5.840601E+01 2.542000E-03 2.542000E-03
n 1.490054E+00 1.064431E-04 1.064431E-04
si 1.558923E+02 5.553864E-03 5.553863E-03
s 7.639566E+00 2.383837E-04 2.383837E-04
c03-- 2.330493E-03 2.330493E-03
S04-- 2.383837E-04 2.383837E-04
S-- 1.833352E-95 1.833352E-95

warning-- co3--, so4--, and s-- totals require that routine comp1l
have the names of non-carbonate carbon, sulfide sulfur,
and non-sulfate sulfur aqueous species

single ion activities and activity coefficients are here defined
with respect to the modified nbs ph scale
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ph eh pe

modified nbs ph scale 6.3840 0.6673 7.9485E+00
rational ph scale 6.3525 0.6700 7.9799E+00

phcl=  10.0928

oxygen fugacity = 2.73360E-01
log oxygen fugacity = -0.56326

activity of water = 0.99979
log activity of water = -0.00009

ionic strength = 2.790310E-03 molal
sum of molalities = 0.0119353889244
osmotic coefficient = 0.98841

mass of solution = 1.000582 kg
mass of solutes = 0.000582 kg
conc of solutes = 0.058175 per cent (w/w)

moles of solvent h2o0 = 5.55084E+01
mass of solvent h2o = 1.00000E+00 kg

species moles grams conc logconc logg log act
h2o 5.55084E+01 1.00000E+03 9.99785E-01 -0.00009 0.00000 -0.00009
sio2(aq) 5.53269E-03 3.32428E-01 5.53269E-03 -2.25706 0.00000 -2.25706
na+ 2.53584E-03 5.82984E-02 2.53584E-03 -2.59588 -0.03418 -2.63006
co2(aq) 1.55657E-03 6.85041E-02 1.55657E-03 -2.80783 -0.00014 -2.80798
hco3- 7.68057E-04 4.68646E-02 7.68057E-04 -3.11461 -0.03296 -3.14756
k+ 4.07068E-04 1.59157E-02 4.07068E-04 -3.39033 -0.03478 -3.42511
02(aq) 2.52046E-04 8.06517E-03 2.52046E-04 -3.59852 -0.00014 -3.59866
s04-- 2.16380E-04 2.07862E-02 2.16380E-04 -3.66478 -0.13345 -3.79823
cl- 2.11228E-04 7.48861E-03 2.11228E-04 -3.67525 -0.03355 -3.70880
f- 1.19449E-04 2.26934E-03 1.19449E-04 -3.92282 -0.03296 -3.95577
cat++ 1.17583E-04 4.71249E-03 1.17583E-04 -3.92966 -0.13138 -4.06103
no3- 1.06443E-04 6.60000E-03 1.06443E-04 -3.97288 -0.03355 -4.00643
al(oh)4- 4.62702E-05 4.39618E-03 4.62702E-05 -4.33470 -0.03296 -4.36766
hsio3- 2.04224E-05 1.57440E-03 2.04224E-05 -4.68989 -0.03296 -4.72285
caso4(aq) 1.12418E-05 1.53048E-03 1.12418E-05 -4.94916 0.00000 -4.94916
oh- 6.11878E-06 1.04064E-04 6.11878E-06 -5.21334 -0.03355 -5.24689
al(oh)3(aq) 5.61476E-06 4.37971E-04 5.61476E-06 -5.25067 0.00000 -5.25067
cahco3+ 4.83374E-06 4.88668E-04 4.83374E-06 -5.31572 -0.03418 -5.34990
naso4- 4.73444E-06 5.63651E-04 4.73444E-06 -5.32473 -0.03296 -5.35769
mgso4(aq) 3.51544E-06 4.23149E-04 3.51545E-06 -5.45402 0.00000 -5.45402
mg++ 2.50995E-06 6.10044E-05 2.50995E-06 -5.60033 -0.12716 -5.72749
kso4- 2.13707E-06 2.88851E-04 2.13707E-06 -5.67018 -0.03296 -5.70314
hf(aq) 9.96141E-07 1.99291E-05 9.96141E-07 -6.00168 0.00000 -6.00168
nahsio3(aq) 6.49368E-07 6.49897E-05 6.49368E-07 -6.18751 0.00000 -6.18751
caco3(aq) 5.09457E-07 5.09901E-05 5.09457E-07 -6.29289 0.00000 -6.29289
caf+ 4.64059E-07 2.74149E-05 4.64059E-07 -6.33343 -0.03418 -6.36761
h+ 4.44108E-07 4.47634E-07 4.44108E-07 -6.35251 -0.03149 -6.38401
hso4- 3.75079E-07 3.64095E-05 3.75079E-07 -6.42588 -0.03296 -6.45884
nacl(aq) 2.79989E-07 1.63633E-05 2.79989E-07 -6.55286 0.00000 -6.55286
nahco3(aq) 2.68582E-07 2.25628E-05 2.68582E-07 -6.57092 0.00000 -6.57092
c03-- 1.46991E-07 8.82083E-06 1.46991E-07 -6.83271 -0.13115 -6.96386
naf(aq) 1.19088E-07 5.00028E-06 1.19088E-07 -6.92413 0.00000 -6.92413
mghco3+ 1.09529E-07 9.34521E-06 1.09529E-07 -6.96047 -0.03418 -6.99465
nah3sio4(aq) 9.68721E-08 1.14403E-05 9.68721E-08 -7.01380 0.00000 -7.01380
caoh+ 8.49885E-08 4.85160E-06 8.49885E-08 -7.07064 -0.03418 -7.10482
mgf+ 3.30231E-08 1.43001E-06 3.30231E-08 -7.48118 -0.03418 -7.51536
cacl+ 2.01487E-08 1.52185E-06 2.01487E-08 -7.69575 -0.03418 -7.72993
kel(aq) 1.95610E-08 1.45829E-06 1.95610E-08 -7.70861 0.00000 -7.70861
naoh(aq) 9.46355E-09 3.78515E-07 9.46355E-09 -8.02395 0.00000 -8.02395
mgco3(aq) 2.01628E-09 1.70001E-07 2.01628E-09 -8.69545 0.00000 -8.69545
al(oh)2+ 1.80509E-09 1.10104E-07 1.80509E-09 -8.74350 -0.03418 -8.77768
mgcl+ 1.60211E-09 9.57382E-08 1.60211E-09 -8.79531 -0.03418 -8.82949
alf2+ 3.42236E-10 2.22379E-08 3.42236E-10 -9.46567 -0.03418 -9.49986
h2sio4-- 1.81974E-10 1.71236E-08 1.81974E-10 -9.73999 -0.13345 -9.87344
alf3(aq) 1.49029E-10 1.25150E-08 1.49029E-10 -9.82673 0.00000 -9.82673
mass, grams volume, cc

created 0.000000E+00 0.000000E+00
destroyed 0.000000E+00 0.000000E+00
net 0.000000E+00 0.000000E+00

warning-- these volume totals may be incomplete because
of missing partial molar volume data in the data base

--- mineral saturation state summary ---
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mineral affinity, kcal ~state mineral affinity, kcal state

albite 1.7699 ssatd albite high 0.3196 ssatd
albite low 1.7699 ssatd amesite-14a 2.4341 ssatd
analcime 0.4134 ssatd analcime-dehy -7.6562
andalusite 0.3359 ssatd anhydrite -3.0693
anorthite -0.1466 aragonite -2.0743

bassanite -4.3622 beidellite-ca 8.0961 ssatd
beidellite-h 6.3611 ssatd beidellite-k 6.5757 ssatd
beidellite-mg 7.9186 ssatd beidellite-na 6.8570 ssatd
boehmite 0.2072 ssatd brucite -7.0818

ca-al pyroxene -8.9317 calcite -1.7901
caso4:0.5h2o(beta) -4.4782 celadonite 3.1118 ssatd
chalcedony 0.5246 ssatd chrysotile -5.4255
clinochlore-14a -1.4665 clinochlore-7a -6.7459
clinozoisite 1.8345 ssatd coesite -0.2441
cordierite anhyd -6.9053 cordierite hydr -4.0018
corundum -1.6891 cristobalite 0.2078 ssatd
cristobalite-a 0.2078 ssatd cristobalite-b -0.2695
dawsonite -6.9094 diaspore 0.9657 ssatd
diopside -3.9705 dolomite -3.8074
dolomite-dis -5.5680 dolomite-ord -3.8046
enstatite -3.7069 fluorite -3.3057

forsterite -9.9088 gibbsite 0.7664 ssatd
grossular -6.1716 gypsum -4.6975

ice -1.3571 illite 6.8175 ssatd

jadeite -2.3064 k-feldspar 3.4522 ssatd
kalsilite -2.5527 kaolinite 5.7289 ssatd
kyanite 0.4263 ssatd laumontite 5.2841 ssatd
lawsonite 2.1121 ssatd magnesite -4.1418
margarite 4.7070 ssatd maximum microcline  3.4910 ssatd
mesolite 7.4991 ssatd monohydrocalcite -4.8108
montmor-ca 7.4433 ssatd montmor-k 6.0890 ssatd
montmor-mg 7.3409 ssatd montmor-na 6.2954 ssatd
mordenite 2.7984 ssatd muscovite 9.6249 ssatd
natrolite -2.9407 nepheline -4.1275

okenite -9.9708 paragonite 6.5440 ssatd
phlogopite -0.5342 prehnite 1.5673 ssatd
pseudowollastonite  -5.8258 pyrophyllite 6.2028 ssatd
quartz 0.8946 ssatd sanidine high 2.2800 ssatd
saponite-ca 1.8730 ssatd saponite-h 0.1392 ssatd
saponite-k 0.3524 ssatd saponite-mg 1.6756 ssatd
saponite-na 0.6325 ssatd scolecite 6.7598 ssatd
sellaite -5.4702 sillimanite -0.0500

sio2(am) -0.5372 spinel -8.2886

stilbite 11.5963 ssatd talc 0.0789 ssatd
tremolite -5.3092 tridymite 0.4595 ssatd
wairakite 2.3787 ssatd wollastonite -5.6633

zoisite 1.7861 ssatd

--- maximum value of reaction progress ---
--- the reaction path has terminated normally ---
50 steps were taken
zi increased from
0.00000E+00 to 1.25000E+00

the average value of delzi was 2.50000E-02
the average matrix dimension was 14

start time = 17:52  5Dec91
end time =17:54  5Dec91

user time = 116.380
cputime= 11.630

--- no further input found ---

6.4. Microcline Dissolution in pH 4 HCI.

The dissolution of microcline (a polymorphkAISKOg) in pH 4 HCI solution is an example of

a relatively simple reaction path calculation. This is test problem 3 of INTERA (1983, p. 65-73),
who conducted a comparison of EQ3/6 with PHREEQE (Parkhurst, Thorstenson, and Plummer,
1980). The activity coefficients of the aqueous species in this example are computed from the B-
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dot equationippgl = 0). The name of the microcline in the supporttog data file is “maxi-
mum microcline.” The EQéhput file for this example isnicrohcl.6i. The initializing EQ3NR
input file is ph4hcl.3i (see Appendix F).

This test problem calls for the precipitation of quartz (a polymor3i@i) to be suppressed. It
is also necessary here to suppress two &t@rpolymorphs, chalcedony and tridymite, which
were apparently not on the supporting data file used by INTERA (1983).

The reaction for the dissolution of microcline is:

. + + 3+ .
KAISigOg() +4H" = K™+ AI*" +3Si0y ) +2H,0, (63)

Thus, reaction of microcline with the dilute HCI solution puts silica and aluminum into solution
(Figure 6), while increasing thEH due to neutralization of the acid (Figure 7). As the reaction
proceeds, the solution becomes saturated with gibld{@H)3), which then precipitates ac-

cording to partial equilibrium (Figure 8). With further reaction, the solution becomes saturated
with kaolinite Al,SLO5(OH),), which also then precipitates according to partial equilibrium.

The kaolinite competes with the gibbsite for available aluminum. This competition is so success-
ful that once kaolinite forms, the gibbsite redissolves, again following partial equilibrium. Even-
tually, the gibbsite disappears entirely. The solution later becomes saturated with muscovite
(KAI3SKEO1o(OH),), which then precipitates according to partial equilibrium. When the musco-

vite appears, the kaolinite also starts redissolving. However, before it can disappear, the solution
becomes saturated with the microcline. The reaction path then terminates, as no more microcline
can dissolve. The final mineral assemblage consists of kaolinite, muscovite, and microcline.

The approach to equilibrium is shown in Figure 9, in which the affinity to dissolve is plotted as
a function of reaction progress. Note that this is positive, and trends toward (and eventually
reaches) zero. This follows the classical notion of the affinity function as a driving force: it must
be positive for the process to proceed. The affinity to dissolve is the negative of the affinity to
precipitate. The latter affinity has the same sign as the saturation index.

The results obtained by running this example are also illustrated below by selected parts of the
output file, microhcl.60, and by the completab file, microhcl.6t. The data in Figures 6-9 were
extracted from thisab file and edited using the UNIX editor to create a set of X-Y and X-
multiple Y data files. In the case of the X-multiple Y file created to plot the amounts of secondary
minerals, the log number of moles of a mineral was set to -100 for points at which the mineral
was not present. These X-Y and X-multiple Y data files were subsequently plotted using Tem-
pleGraph, version 2.4.

The solid phaseal, k, andsi are shown on theutput file as having large supersaturations. This

is a minor bug in the code which is related to the fact that the log oxygen fugacity variable is set
to -999.0 when the code is operating without a redox variable. These phases are technically sup-
pressed and can not be precipitated. They are actually irrelevant to the current problem.
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The EQG6input file (microhcl.6i), microcline dissolution in pH 4 HCI (“W” format)

EQ6 input file name= microhcl.6i

Description= "Microcline dissolution in pH 4 HCI"
Version number= 3245 Stage number= 01
Created 10/31/90 Creator=T.J. Wolery
Revised 10/31/90 Revisor=T.J. Wolery

React microcline (KAISi308) with a dilute (pH 4.0) HCI solution
at 25 C. There is no time frame in this calculation. Precipitation
of quartz, chalecedony, and tridymite is suppressed by means of an
"nxmod" option that is inherited from the initializing EQ3NR input
file ph4hcl.3i. This is test problem 3 of INTERA (1983, p. 65-73);
it is similar to test problem 5 of Parkhurst, Thorstenson, and
Plummer (1980). INTERA (1983) reported that the product minerals
formed were gibbsite, kaolinite, and muscovite. The run terminates
when the solution becomes saturated with microcline.

The original problem called for suppression of quartz. Chalcedony
and tridymite were apparently not the supporting data file used
by INTERA (1983).

Purpose: to compare against results obtained in a previous
comparison of EQ3/6 with PHREEQE (Parkhurst, Thorstenson, and
Plummer, 1980) made by INTERA (1983).

This problem has no redox aspect. The option switch iopt11 is
set to 1 to indicate this to the code.

References

INTERA Environmental Consultants, Inc., 1983, Geochemical Models
Suitable for Performance Assessment of Nuclear Waste Storage:
Comparison of PHREEQE and EQ3/EQ6: Office of Nuclear Waste
Isolation, Battelle Project Management Division, Columbus, Ohio,
ONWI-473, 114 p.

Parkhurst, D. L., Thorstenson, D. C., and Plummer, L. N., 1980,
PHREEQE- A Computer Program for Geochemical Calculations: Water
Resources Investigations Report 80-96, U.S. Geological Survey,
Reston, Virginia, 210 p.

endit.
nmodil= 2 nmodi2= 0
tempcO= 2.50000E+01 jtemp= 0
tk1= 0.00000E+00 tk2=0.00000E+00 tk3= 0.00000E+00

zistrt= 0. zimax= 1.0
tstrt= 0. timemx= 1.00000E+38
kstpmx= 200 cplim= 0.00000E+00

dzprnt= 1.00000E+00 dzprlg= 1.00000E+00 ksppmx= 100
dzplot= 1.00000E+38 dzpllg= 1.00000E+38 ksplmx= 10000

ifile= 60
* 1 2 3 45 6 7 8 910
ioptl-10= 0 0 0 0 O O O O O O
11-20= 1 0 0 0 0O 0 0 0 O O
iopr1-10= 0 0 0 0 O O 0 O O O
iopr11-20= 0 0 0 0 0 O 0 O O O
jodb1-10= 0 0 0 0 0 0 O O O O

11-20= 0 0 0 0 O 0 0 O O O
* nxopt = number of mineral subset-selection suppression options
* nxopex = number of exceptions
nxopt= 0
* nffg = number of gas species with fixed fugacities
nffg= 0
* nrct = number of reactants
nrct= 1

reactant= maximum microcline

jcode= 0 jreac= 0

morr= 1.00000E+00  modr= 0.00000E+00

nsk= 0 sk=0.00000E+00 fk=0.00000E+00
nrk= 1 nrpk= 0

rk1= 1.00000E+00 rk2= 0.00000E+00 rk3= 0.00000E+00

dizidp= 0.00000E+00

tolbt= 0.00000E+00 toldl= 0.00000E+00  tolx= 0.00000E+00
tolsat= 0.00000E+00 tolsst= 0.00000E+00

screwl= 0.00000E+00 screw2= 0.00000E+00 screw3= 0.00000E+00
screw4= 0.00000E+00 screw5= 0.00000E+00 screw6= 0.00000E+00

zklogu= 0.000 zklogl= 0.000 zkfac= 0.000
dlzmx1= 0.00000E+00 dlzmx2= 0.00000E+00 nordim= 0
itermx= 0 ntrymx= 0

npsimx= 0 nssimx= 0 ioscan= 0

*

* pickup file written by eq3nr.3245R124x

* supported by eqlib.3245R153

EQ3NR input file name= ph4hcl.3i

Description= "A pH 4 HCI solution, with traces of K, Al, and Si"
Version number= 3245 Stage number= 01

Created 06/08/90 Creator=T.J. Wolery

Revised 06/08/90 Revisor=T.J. Wolery
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Dilute HCI solution, pH 4.00, with traces of potassium, aluminum,
and silica. This problem is part of test problem 3 of INTERA
(1983), who report a comparison study of EQ3/6 with PHREEQE
(Parkhurst, Thorstenson, and Plummer, 1980). Note that quartz,
chalcedony, and tridymite are suppressed by means of "nxmod"
options. This has no effect on the EQ3NR calculation. It is simply
needed for the subsequent EQ6 problem. EQ3NR passes this on to
EQ6 on the pickup file.

Purpose: to provide a pickup file for construction of the EQ6 test
cases microhcl.6i and microhclft.6i. It also tests the "nxmod"
suppress option.

This problem is actually redox-indifferent. The auxiliary basis
species O2(aq) and H2(aq) have therefore been suppressed. The EQ6
option switch iopt11 should be set to 1.

References

INTERA Environmental Consultants, Inc., 1983, Geochemical Models
Suitable for Performance Assessment of Nuclear Waste Storage:
Comparison of PHREEQE and EQ3/EQ6: Office of Nuclear Waste
Isolation, Battelle Project Management Division, Columbus, Ohio,
ONWI-473, 114 p.

Parkhurst, D. L., Thorstenson, D. C., and Plummer, L. N., 1980,
PHREEQE- A Computer Program for Geochemical Calculations: Water
Resources Investigations Report 80-96, U.S. Geological Survey,
Reston, Virginia, 210 p.

endit.
tempci= 0.25000E+02
nxmod= 3
species= quartz
type= 1 option= -1 xlkmod= 0.00000E+00
species= chalcedony
type= 1 option= -1 xlkmod= 0.00000E+00
species= tridymite
type= 1 option= -1 xlkmod= 0.00000E+00
iopgl= 0 iopg2= 0 iopg3= 0
iopgd= 0 iopgs= 0 iopg6= 0
iopg7= 0 iopg8= 0 iopg9= 0
iopgl0= 0
ket= 6 ksg= 7 kmt= 7
kxt= 7 kdim= 7 kprs= 0
o 0.555084350618964E+02
al 0.100000000000005E-11
cl 0.101162909259305E-03
h 0.111016971286694E+03
k 0.999999999999999E-12
si 0.100000000000000E-11
electr 0.271050543121376E-19
h2o h2o 0.174435898352698E+01
al+++ al+++ -0.120411346756320E+02
cl- cl- -0.399498786688732E+01
h+ h+ -0.399498744436686E+01
k+ k+ -0.120000013741135E+02
sio2(aq) sio2(aq) -0.120000004901545E+02
02(g) 02(g) -0.700000000000000E+00

The EQ6input file (microhcl.6i), microcline dissolution in pH 4 HCI (“D” format)

EQ6 input file name= microhcl.6i

Description= "Microcline dissolution in pH 4 HCI" |
VVersion number= 3245 Stage number= 01 |
Created 10/31/90 Creator=T.J. Wolery |
Revised 10/31/90 Revisor= T.J. Wolery |

[

React microcline (KAISi308) with a dilute (pH 4.0) HCl solution |
at 25 C. There is no time frame in this calculation. Precipitation |
of quartz, chalecedony, and tridymite is suppressed by means of an |
"nxmod" option that is inherited from the initializing EQ3NR input |
file ph4hcl.3i. This is test problem 3 of INTERA (1983, p. 65-73); |
itis similar to test problem 5 of Parkhurst, Thorstenson, and |
Plummer (1980). INTERA (1983) reported that the product minerals |
formed were gibbsite, kaolinite, and muscovite. The run terminates |
\when the solution becomes saturated with microcline. |

The original problem called for suppression of quartz. Chalcedony |
and tridymite were apparently not the supporting data file used |
by INTERA (1983).

Purpose: to compare against results obtained in a previous |
comparison of EQ3/6 with PHREEQE (Parkhurst, Thorstenson, and |
Plummer, 1980) made by INTERA (1983). |
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This problem has no redox aspect. The option switch iopt11 is
set to 1 to indicate this to the code. |

References |

|
INTERA Environmental Consultants, Inc., 1983, Geochemical Models |
Suitable for Performance Assessment of Nuclear Waste Storage: |
Comparison of PHREEQE and EQ3/EQ6: Office of Nuclear Waste |
Isolation, Battelle Project Management Division, Columbus, Ohio, |
ONWI-473, 114 p.

|
Parkhurst, D. L., Thorstenson, D. C., and Plummer, L. N., 1980, |
PHREEQE- A Computer Program for Geochemical Calculations: Water |
Resources Investigations Report 80-96, U.S. Geological Survey, |
Reston, Virginia, 210 p.
|

|
calculational mode |*normal | economy | super economy|
|
|
model type | titration |*closed | open |
|
|
temperature model |*power | fluid mixing |

|
|
c power model --> temp = tstart + tk1*zi + tk2*zi**2 + tk3*zi**3 |
¢ mixing model --> temp = (tstart * tk1 + zi*tk2) / (zi + tk1) |
C |

tstart(c)] 25.00 |tk1] O. [tk2| O. [k3] O. |
|

|
starting value of zi| 0. |max. value of zi | 1.0000 |
|

|
starting time (sec) | 0. |max.time (sec) |1.00000E+38 |
|

|
max. steps | 200 |max. steps w/o print| 100 |
|

|
linear print interval| 1.0000 |log printinterval | 1.0000 |
|

) |
suppress mineral phases |

|

|
phases w/ elements| | In
phases except | | In

|

fixed fugacity phases- species, moles(per kg h20), Iolg fugacity(bars)|
|
|

none | | In

c RATE LAWS

c 1 = relative rate = rk1 + rk2*zi + (1/2)rk3*zi*zi

¢ 2 = transition state theory rate = CHECK DOCUMENTATIONCc 3 = specified rate
¢ 4 = activity term rate rate = CHECK DOCUMENTATION

c REACTANT TYPES

c mineral solid solution special aqueous gas

c

c SURFACE TYPE

¢ 0 = fixed surface area 1 = fixed specific surface area
c

c NOTES

c status and jreac are normally not set by the user
|

|
reactants (ss) solid solution only  (sp) special reactant only |
|

|
REACTANT | maximum microcline |status |0 |
moles remaining | 1.0000 |destroyed| 0. |
reactanttype | mineral sk | O |
surfacetype | O |tk | 1.0000 |
end-member | |mole fr | |ss,n
volume | Isp
element | |moles | |sp,n
DISSOLUTION LAW | 1
rate constant rk1| 1.0000 |csigmal | |
rate constant rk2| 0. |csigma2 | |
rate constant rk3| 0. |csigma3 | |

PRECIPITATION LAW| 0 | | |

options |

- SOLID SOLUTIONS - |
* ignore solid solutions |
process solid solutions |
- LOADING OF SPECIES INTO MEMORY - |
*don't print |
lists species loaded into memory |
- LIST DERIVATIVES OF BASIS ELEMENTS AT EACH PRINT POINT - |
*don't print |
print |
- LIST ALL SPECIES LOADED INTO MEMORY AND THEIR LOG K VALUES -
*don't print |
print |
- LIST DISTRIBUTION OF AQUEOUS SPECIES AT EACH PRINT POINT - |
* only species > 10**-12 molal |
all species |
don't print |
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- LIST CATION/H+ ACTIVITY RATIOS AT EACH PRINT POINT - |
* don't print |
print |
- LIST BULK ELEMENT AND OXIDE COMPOSITION AT EACH PRINT POINT - |
* don't print |
print |
- MINERAL SATURATION STATES - |
* print if affinity > -10 kcals |
print all |
don't print |
- LIST GAS SPECIES SUMMARY AT EACH PRINT POINT - |
* don't print |
print |
- PRINT AQUEOUS MASS AND CONCENTRATION TOTALS - |
* don't print |
print |
- TAB FILES - |
* write |
append to previous tabx file |
don't write |
- WRITE PICKUP FILE - |
* write pickup file at end of run |
don't write pickup file |
write pickup file for each print point |
- PHYSICALLY REMOVED SUBSYSTEM - |
* does nothing |
transfer minerals but leave trivial mass in the system |
transfer minerals |
- CLEAR INITIAL PHYSICALLY REMOVED SUBSYSTEM -
* does nothing |
clear p.r.s. before first reaction progress advance |
- PHASE BOUNDARY SEARCH -
* step size constrained by predicted phase boundaries
phase boundaries estimated from Taylor's series and printed |
locations of phase boundaries ignored
- AUTO BASIS SWITCHING - |
* off |

on |
- SUPPRESS REDOX REACTIONS - |
does nothing |
* suppress all redox reactions |
- LINEAR OR LOGARITHMIC TAYLOR'S SERIES - |
* linear for kcol = 1,kdim, logarithmic for kcol = 1,kbt |
logarithmic for kcol = 1,kbt |
linear for kcol = 1,kdim |
- AZERO AND HYDRATION NUMBERS - |
* no change
read in new azero and hydration numbers |
- PRINT MEAN MOLAL ACTIVITY COEFFICIENTS FOR DISSOLVED SPECIES - |
* does nothing |
print |
- PITZER DATABASE INFORMATION - |
* print only warnings
print species in model and number of Pitzer coefficients |
print species in model and names of Pitzer coefficients |
- PRINT DIAGNOSTIC MESSAGES - |
* don't print |
print level 1 messages |
print level 2 messages |
- PRINT PRE-NEWTON-RAPHSON OPTIMIZATION -
* don't print |
print summary information |
print detailed information |
- PRINT STEP SIZE AND ORDER - |
* don't print |
print scale factor |
print orders and step size scaling factors |
- CONTROL STEP SIZE AND ORDER PRINT -
* does nothing |
print step size and order when delzi .le. dlzmx1 |
- NEWTON ITERATIONS - |
* don't print |
print summary of newton iterations
print summary, residual functions and correction terms |
print summary, residual functions, correction terms and matrix |
- PRINT SEARCH ITERATIONS -
* don't print |
print |
- PRINT HPSAT ITERATIONS - |
* don't print |
print |
- PRINT FINITE DIFFERENCE AND DERIVATIVE DATA - |
* don't print |
print computations from RDERIV, and RTAYLR |
print computations from RDERIV, RTAYLR, DERIV and TAYLOR |
- PRINT KINETICS DIAGNOSTIC MESSAGES - |
* don't print |
print level 1 diagnostics |
print level 1 and level 2 diagnostics |
- PRINT AKMATR - |
* don't print |
print level 1 diagnostics |
- KILL ITERATION VARIABLES - |
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* does nothing |

allow selection of variables to remove

development options (used for code development) |
|

|
0 check finite difference and Taylor series expression |
0 check reaction rate finite difference and Taylor series |

|

|
tolerances desired values - defaults info-only |

|

|
number of N-R iterations | | 40 itermx|
p.r.s. transfer interval | | varies dlzidp |
residual magnitude | | 1.0e-06 tolbt |
correction magnitude | | 1.0e-06 toldl |
search/find tolerance | | varies tolx |
supersaturation | | varies tolsat |
supersaturation set size | | varies tolsst |
max. size Taylor's series term | | 1.0e-04 screwl |
max. initial value betamx | | nfa  screw2 |
max. Taylor's series term (kin.)| | 1.0e-04 screw3 |
corrector iteration | | 1.0e-04 screw4 |
max. size of N-R correction term| | 40 screw5|
step size (economy mode) | | 4.0 screw6 |
log mass of phases | | varies zklogu |
decrement mass (p.r.s.) | | 2.0 zklogl |
min. left after p.r.s. | | .98 zkfac |
initial step size | | varies dlzmx1 |
upper limit step size | | varies dlzmx2 |
maximum order | | 6 nordim |
num. attempted assemblages | | 25  ntrymx |
slide -> over phase bound. | | 8 npsimx |
slide -> over redox insta. | | 3 nssimx |

fo2 scan control | | none ioscan |
|

|
¢ pickup file written by eq3nr.3245R124 |

¢ supported by eqlib.3245R153 |
EQ3NR input file name= ph4hcl.3i |
Description="A pH 4 HCI solution, with traces of K, Al, and Si"
Version number= 3245 Stage number= 01 |
Created 06/08/90 Creator= T.J. Wolery |
Revised 06/08/90 Revisor= T.J. Wolery |

Dilute HCI solution, pH 4.00, with traces of potassium, aluminum, |
and silica. This problem is part of test problem 3 of INTERA |
(1983), who report a comparison study of EQ3/6 with PHREEQE |
(Parkhurst, Thorstenson, and Plummer, 1980). Note that quartz, |
chalcedony, and tridymite are suppressed by means of "nxmod" |
options. This has no effect on the EQ3NR calculation. It is simply |
needed for the subsequent EQ6 problem. EQ3NR passes this on to |
EQ6 on the pickup file. |

|
Purpose: to provide a pickup file for construction of the EQ6 test |
cases microhcl.6i and microhclft.6i. It also tests the "nxmod"
suppress option.

This problem is actually redox-indifferent. The auxiliary basis |
species 02(aq) and H2(aq) have therefore been suppressed. The EQ6 |
option switch ioptl1 should be set to 1. |

|

References |

|
INTERA Environmental Consultants, Inc., 1983, Geochemical Models |
Suitable for Performance Assessment of Nuclear Waste Storage: |
Comparison of PHREEQE and EQ3/EQ6: Office of Nuclear Waste |
Isolation, Battelle Project Management Division, Columbus, Ohio, |
ONWI-473, 114 p.

|
Parkhurst, D. L., Thorstenson, D. C., and Plummer, L. N., 1980,
PHREEQE- A Computer Program for Geochemical Calculations: Water |
Resources Investigations Report 80-96, U.S. Geological Survey, |
Reston, Virginia, 210 p.
|

temperature (C) | 25.000 | |

electrical imbalance | 2.7105054312137¢0E-20 |
number of aqueous master species | 7 : |
position of last pure mineral | 7 : |

position of last solid solution | 7 I|

|
|

suppressed species  (suppress,replace,augmentk,augmentg) value |
|

|

quartz | mineral | suppress | 0. |
chalcedony | mineral | suppress | 0. |
tridymite | mineral | suppress | 0. |

|

|
iopg options |

- pH SCALE CONVENTION -
* modified NBS |
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internal |
rational |
- ACTIVITY COEFFICIENT OPTIONS -
* use B-dot equation |
Davies' equation |
Pitzer's equations |

elements, moles and moles aqueous |

|
o] | 5.550843506189640E+01| O.OOOOO(I)OOOOOOOOOE+OO|

al | 1.000000000000050E-12] 0.000000000000000E+00|

cl | 1.011629092593050E-04| 0.000000000000000E+00|

h | 1.110169712866940E+02| 0.000000000000000E+00|

k | 9.999999999999990E-13| 0.000000000000000E+00|

si | 1.000000000000000E-12| 0.000000000000000E+00|
|

I
master species and logarithmic basis variables |

|
h2o0 |h20 | 1.744358983526980E+00)]

al+++ |al+++ | -1.204113467563200E+01|
cl- |cl- | -3.994987866887320E+00|
h+ |h+ | -3.994987444366860E+00|
k+ |k+ | -1.200000137411350E+01|
sio2(aq) |sio2(aq) | -1.200000049015450E+01|
02(g) |02(g) | -7.000000000000000E-01]

|

I

physically removed subsystem (solid solution, mineral, moles) |
|

I

none | | |
|
I

The EQG6output file (microhcl.60), microcline dissolution in pH 4 HCI (partial reproduction)

(Material deleted)

stepping to zi= 0.0000E+00, delzi= 0.0000E+00, nord= 0
attempted species assemblage no. 1
1 1h20
2 3 al+++
3 14 cl-
4 26 h+
5 35 k+
6 60 sio2(aq)
1

reaction progress = 0.00000000000000E+00
log of reaction progress = -999.0000000

temperature = 25.000 degrees c
total pressure = 1.013 bars

computing units remaining = 0.000
start or re-start of run
--- reactant summary ---
definitions and conventions
delta x = x now - x at start
affinity is + for forward direction (dissolution),
- for reverse direction (precipitation)

rates are + for forward direction (dissolution),
- for reverse direction (precipitation)

reactant moles deltamoles grams delta grams
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maximum microcline 1.0000E+00 0.0000E+00 2.7833E+02 0.0000E+00

current total mass = 2.78332E+02 grams
delta total mass = 0.00000E+00 grams
delta total volume = 0.00000 cc

reactant affinity rel. rate
kcal/mol  mol/mol

maximum microcline 58.6114 1.0000E+00

affinity of the overall irreversible reaction= 58.611 kcal
contributions from irreversible reactions
with no thermodynamic data are not included

--- element totals for the aqueous phase ---
element mg/kg soln. molal conc. moles

[¢] 8.880984E+05 5.550844E+01 5.550844E+01
al 2.698144E-08 1.000000E-12 1.000000E-12
cl 3.586485E+00 1.011629E-04 1.011629E-04
h 1.118980E+05 1.110170E+02 1.110170E+02
k 3.909816E-08 1.000000E-12 1.000000E-12
si 2.808540E-08 1.000000E-12 1.000000E-12

c03-- 0.000000E+00 0.000000E+00
S04-- 0.000000E+00 0.000000E+00
S-- 0.000000E+00 0.000000E+00

warning-- co3--, so4--, and s-- totals require that routine compl
have the names of non-carbonate carbon, sulfide sulfur,
and non-sulfate sulfur aqueous species

single ion activities and activity coefficients are here defined
with respect to the modified nbs ph scale

ph

modified nbs ph scale 4.0000
rational ph scale 3.9950

phcl=  8.0001

redox parameters are not defined

activity of water = 1.00000
log activity of water = 0.00000

ionic strength = 1.011609E-04 molal
sum of molalities = 0.0002023238845
osmotic coefficient= 0.99613

mass of solution = 1.000004 kg
mass of solutes = 0.000004 kg
conc of solutes = 0.000369 per cent (w/w)

moles of solvent h2o0 = 5.55084E+01
mass of solvent h2o = 1.00000E+00 kg

species moles grams conc logconc logg log act

h2o 5.55084E+01 1.00000E+03 9.99996E-01 0.00000 0.00000 0.00000
h+ 1.01161E-04 1.01964E-04 1.01161E-04 -3.99499 -0.00501 -4.00000
cl- 1.01161E-04 3.58642E-03 1.01161E-04 -3.99499 -0.00507 -4.00006
hcl(aq) 2.13769E-09 7.79416E-08 2.13769E-09 -8.67006 0.00000 -8.67006
oh- 1.02321E-10 1.74021E-09 1.02321E-10 -9.99003 -0.00507 -9.99510

--- grand summary of solid phases (e.s.+p.r.s.+reactants) ---

phase/end-member log moles moles grams volume, cc

maximum microcline 0.0000000 1.00000E+00 2.78332E+02 1.08741E+02

mass, grams volume, cc
created 0.000000E+00 0.000000E+00

destroyed 0.000000E+00 0.000000E+00
net 0.000000E+00 0.000000E+00
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warning-- these volume totals may be incomplete because
of missing partial molar volume data in the data base

--- mineral saturation state summary ---

mineral affinity, kcal state mineral affinity, kcal state
al 821.6586 ssatd gibbsite -9.3899

ice -0.1890 k 233.9523 ssatd

Si 1147.3536 ssatd

stepping to zi= 1.0000E-08, delzi= 1.0000E-08, nord= 0
steps completed = 1, iter = 2, ncorr =0
most rapidly changing is zvclgl(sio2(aq) )= -7.5229

(Material deleted)

stepping to zi= 1.8500E-06, delzi= 8.5000E-07, nord= 3
steps completed = 11, iter = 1, ncorr =0
most rapidly changing is zvclgl(sio2(aq) )= -5.2557

stepping to zi= 3.5500E-06, delzi= 1.7000E-06, nord= 4
steps completed = 12, iter = 1, ncorr =0
most rapidly changing is zvclgl(sio2(aq) )= -4.9726

stepping to zi= 4.4582E-06, delzi= 9.0819E-07, nord= 5
iter =

1 supersaturated pure minerals

0 supersaturated solid solutions

the most supersaturated phases  affinity, kcal

1 13 gibbsite 0.00085453

attempted species assemblage no. 2

1 h2o

3 al+++
14 cl-

26 h+

35 k+

60 sio2(aq)
13 gibbsite

CCONAWNE

steps completed = 13, iter = 11, ncorr = 0

reaction progress = 4.45820300741969E-06
log of reaction progress =  -5.3508402

temperature = 25.000 degrees c
total pressure = 1.013 bars

computing units remaining = 0.000
change in the product phase assemblage
--- reactant summary ---
reactant moles  deltamoles grams delta grams

maximum microcline 1.0000E+00 4.4582E-06 2.7833E+02 1.2409E-03

current total mass = 2.78330E+02 grams
delta total mass 1.24086E-03 grams
delta total volume 0.00048 cc

- 117 -



reactant affinity rel. rate
kcal/mol  mol/mol

maximum microcline 10.8723 1.0000E+00

affinity of the overall irreversible reaction= 10.872 kcal
contributions from irreversible reactions
with no thermodynamic data are not included

--- element totals for the aqueous phase ---

element mg/kg soln. molal conc. moles
o 8.880978E+05 5.550846E+01 5.550847E+01
al 1.201678E-01 4.453725E-06 4.453726E-06
cl 3.586481E+00 1.011629E-04 1.011629E-04
h 1.118979E+05 1.110170E+02 1.110170E+02
k 1.743073E-01 4.458203E-06 4.458204E-06
si 3.756308E-01 1.337461E-05 1.337461E-05
co3-- 0.000000E+00 0.000000E+00
S04-- 0.000000E+00 0.000000E+00
S-- 0.000000E+00 0.000000E+00

warning-- co3--, so4--, and s-- totals require that routine compl
have the names of non-carbonate carbon, sulfide sulfur,
and non-sulfate sulfur aqueous species

single ion activities and activity coefficients are here defined
with respect to the modified nbs ph scale

ph

modified nbs ph scale 4.0817
rational ph scale 4.0764

phcl=  8.0821

redox parameters are not defined

activity of water = 1.00000
log activity of water = 0.00000

ionic strength = 1.135163E-04 molal
sum of molalities = 0.0002073161051
osmotic coefficient = 0.99552

mass of solution = 1.000005 kg
mass of solutes = 0.000005 kg
conc of solutes = 0.000478 per cent (w/w)

moles of solvent h2o0 = 5.55084E+01
mass of solvent h2o = 1.00000E+00 kg

species moles grams conc logconc logg log act

h2o 5.55084E+01 1.00000E+03 9.99996E-01 0.00000 0.00000 0.00000
cl- 1.01161E-04 3.58644E-03 1.01161E-04 -3.99499 -0.00536 -4.00035
h+ 8.38666E-05 8.45325E-05 8.38666E-05 -4.07641 -0.00530 -4.08171
sio2(aq) 1.33746E-05 8.03603E-04 1.33746E-05 -4.87372 0.00000 -4.87372
k+ 4.45819E-06 1.74308E-04 4.45819E-06 -5.35084 -0.00541 -5.35625
al+++ 3.97168E-06 1.07162E-04 3.97168E-06 -5.40103 -0.04761 -5.44863
aloh++ 4.39722E-07 1.93429E-05 4.39722E-07 -6.35682 -0.02150 -6.37832
al(oh)2+ 4.17909E-08 2.54909E-06 4.17909E-08 -7.37892 -0.00539 -7.38431
hcl(aq) 1.76986E-09 6.45301E-08 1.76986E-09 -8.75206 0.00000 -8.75206
al(oh)3(aq) 4.35311E-10 3.39558E-08 4.35311E-10 -9.36120 0.00000 -9.36120
oh- 1.23587E-10 2.10189E-09 1.23587E-10 -9.90803 -0.00536 -9.91339

--- summary of solid product phases---

product log moles moles grams volume, cc

gibbsite -8.3488731 4.47844E-09 3.49334E-07 1.43113E-07

--- grand summary of solid phases (e.s.+p.r.s.+reactants) ---
phase/end-member log moles moles grams volume, cc

gibbsite -8.3488731 4.47844E-09 3.49334E-07 1.43113E-07
maximum microcline -0.0000019 9.99996E-01 2.78330E+02 1.08741E+02
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mass, grams volume, cc
created 3.493344E-07 1.431131E-07
destroyed 1.240859E-03 4.847895E-04
net -1.240509E-03 -4.846463E-04

warning-- these volume totals may be incomplete because
of missing partial molar volume data in the data base

--- mineral saturation state summary ---

mineral affinity, kcal state mineral affinity, kcal state
al 831.0485 ssatd andalusite -7.5251
beidellite-h -6.4023 beidellite-k -7.8974
boehmite -2.2305 chalcedony -1.5630
coesite -2.2980 corundum -7.4493
cristobalite -1.9440 cristobalite-a -1.9440
cristobalite-b -2.5491 diaspore -1.0783
gibbsite 0.0000 satd ice -0.1890

k 243.1347 ssatd kaolinite -1.7124
kyanite -7.1561 muscovite -8.9059
pyrophyllite -6.3196 quartz -1.1930

Si 1157.0758 ssatd sillimanite -8.0212
sio2(am) -2.9470 tridymite -1.4269

stepping to zi= 4.4682E-06, delzi= 1.0000E-08, nord= 0
steps completed = 14, iter = 7, ncorr =0
most rapidly changing is zvclg1(gibbsite )= -7.8086

stepping to zi= 4.4782E-06, delzi= 1.0000E-08, nord= 0
steps completed = 15, iter = 5, ncorr =0
most rapidly changing is zvclgl(gibbsite )= -7.5752

stepping to zi= 4.4882E-06, delzi= 1.0000E-08, nord= 0
steps completed = 16, iter = 5, ncorr =0
most rapidly changing is zvclgl(gibbsite )= -7.4241

stepping to zi= 4.4982E-06, delzi= 1.0000E-08, nord= 0
steps completed = 17, iter = 4, ncorr =0
most rapidly changing is zvclgl(gibbsite )= -7.3123

(Material deleted)

stepping to zi= 1.5176E-05, delzi= 5.1755E-06, nord= 4
steps completed = 21, iter = 2, ncorr =0
most rapidly changing is zvclgl1(gibbsite )= -4.9285

stepping to zi= 1.8924E-05, delzi= 3.7487E-06, nord= 4
iter= 1

1 supersaturated pure minerals

0 supersaturated solid solutions

the most supersaturated phases  affinity, kcal

1 19 kaolinite 0.00079032

attempted species assemblage no. 2

1 h2o

3 al+++
14 cl-

26 h+

35 k+

60 sio2(aq)
13 gibbsite
19 kaolinite

OCoOOUTRhWNE

steps completed = 22, iter = 6, ncorr =0
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reaction progress = 1.89242200387290E-05
log of reaction progress = -4.7229820

temperature = 25.000 degrees c
total pressure = 1.013 bars

computing units remaining= 0.000
change in the product phase assemblage

--- reactant summary ---

reactant moles deltamoles grams delta grams

maximum microcline 9.9998E-01 1.8924E-05 2.7833E+02 5.2672E-03

current total mass = 2.78326E+02 grams
delta total mass = 5.26721E-03 grams
delta total volume = 0.00206 cc

reactant affinity rel. rate
kcal/mol  mol/mol

maximum microcline 7.3690 1.0000E+00

affinity of the overall irreversible reaction=  7.369 kcal
contributions from irreversible reactions
with no thermodynamic data are not included

--- element totals for the aqueous phase ---
element mg/kg soln. molal conc. moles

[¢] 8.880965E+05 5.550855E+01 5.550854E+01
al 8.218842E-02 3.046122E-06 3.046122E-06
cl 3.586471E+00 1.011629E-04 1.011629E-04
h 1.118975E+05 1.110169E+02 1.110169E+02
k 7.398992E-01 1.892422E-05 1.892422E-05
si 1.593413E+00 5.673482E-05 5.673481E-05

c03-- 0.000000E+00 0.000000E+00
S04-- 0.000000E+00 0.000000E+00
S-- 0.000000E+00 0.000000E+00

warning-- co3--, so4--, and s-- totals require that routine compl
have the names of non-carbonate carbon, sulfide sulfur,
and non-sulfate sulfur aqueous species

single ion activities and activity coefficients are here defined
with respect to the modified nbs ph scale

ph

modified nbs ph scale 4.1389
rational ph scale 4.1336

phcl= 8.1391

redox parameters are not defined

activity of water = 1.00000
log activity of water = 0.00000

ionic strength = 1.095133E-04 molal
sum of molalities = 0.0002533794975
osmotic coefficient= 0.99653

mass of solution = 1.000008 kg
mass of solutes = 0.000008 kg
conc of solutes = 0.000790 per cent (w/w)

moles of solvent h2o0 = 5.55084E+01
mass of solvent h2o = 1.00000E+00 kg

species moles grams conc logconc logg log act
h2o 5.55084E+01 1.00000E+03 9.99995E-01 0.00000 0.00000 0.00000
cl- 1.01161E-04 3.58644E-03 1.01161E-04 -3.99499 -0.00527 -4.00025
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h+ 7.35113E-05 7.40950E-05 7.35113E-05 -4.13365 -0.00521 -4.13886
sio2(aq) 5.67347E-05 3.40887E-03 5.67347E-05 -4.24615 0.00000 -4.24615
k+ 1.89242E-05 7.39903E-04 1.89242E-05 -4.72298 -0.00532 -4.72830
al+++ 2.67131E-06 7.20760E-05 2.67131E-06 -5.57328 -0.04678 -5.62006
aloh++ 3.37688E-07 1.48545E-05 3.37688E-07 -6.47148 -0.02112 -6.49261
al(oh)2+ 3.66306E-08 2.23433E-06 3.66306E-08 -7.43616 -0.00530 -7.44145
hcl(aq) 1.55199E-09 5.65867E-08 1.55199E-09 -8.80911 0.00000 -8.80911
al(oh)3(aq) 4.35311E-10 3.39558E-08 4.35311E-10 -9.36120 0.00000 -9.36120
oh- 1.40936E-10 2.39695E-09 1.40936E-10 -9.85098 -0.00527 -9.85625
--- summary of solid product phases---

product log moles moles grams volume, cc
gibbsite -4.8002380 1.58402E-05 1.23560E-03 5.06191E-04
kaolinite -7.7229557 1.89254E-08 4.88578E-06 1.88345E-06

--- grand summary of solid phases (e.s.+p.r.s.+reactants) ---
phase/end-member log moles moles grams volume, cc
gibbsite -4.8002380 1.58402E-05 1.23560E-03 5.06191E-04
kaolinite -7.7229557 1.89254E-08 4.88578E-06 1.88345E-06

maximum microcline -0.0000082 9.99981E-01 2.78326E+02 1.08739E+02

created

mass, grams volume, cc

1.240482E-03 5.080744E-04

destroyed 5.267207E-03 2.057839E-03

net

-4.026726E-03  -1.549764E-03

warning-- these volume totals may be incomplete because
of missing partial molar volume data in the data base

--- mineral saturation state summary ---

mineral affinity, kcal state mineral affinity, kcal state
al 831.0485 ssatd andalusite -6.6690
beidellite-h -3.2601 beidellite-k -4.4468
boehmite -2.2305 chalcedony -0.7068
coesite -1.4418 corundum -7.4493
cristobalite -1.0878 cristobalite-a -1.0878
cristobalite-b -1.6929 diaspore -1.0783
gibbsite 0.0000 satd ice -0.1890

k 244.0693 ssatd k-feldspar -7.3690
kaolinite 0.0000 satd kyanite -6.2999
maximum microcline  -7.3690 muscovite -5.4027
pyrophyllite -2.8949 quartz -0.3368
sanidine high -9.0051 si 1157.9320 ssatd
sillimanite -7.1650 sio2(am) -2.0908
tridymite -0.5708

stepping to zi= 1.8934E-05, delzi= 1.0000E-08, nord= 0
steps completed = 23, iter = 5, ncorr =0
most rapidly changing is zvclgl(kaolinite )= -7.4695

stepping to zi= 1.8944E-05, delzi= 1.0000E-08, nord= 0
steps completed = 24, iter = 5, ncorr =0
most rapidly changing is zvclgl(kaolinite )= -7.3105

stepping to zi= 1.8954E-05, delzi= 1.0000E-08, nord= 0
steps completed = 25, iter = 4, ncorr =0
most rapidly changing is zvclgl(kaolinite )= -7.1943

stepping to zi= 1.8964E-05, delzi= 1.0000E-08, nord= 0
steps completed = 26, iter = 4, ncorr =0
most rapidly changing is zvclgl(kaolinite )= -7.1028

stepping to zi= 1.9064E-05, delzi= 1.0000E-07, nord= 2
steps completed = 27, iter = 6, ncorr =0
most rapidly changing is zvclgl(kaolinite )= -6.6403

stepping to zi= 2.0064E-05, delzi= 1.0000E-06, nord= 3
steps completed = 28, iter = 1, ncorr =0
most rapidly changing is zvclgl(kaolinite )= -5.7622

stepping to zi= 2.1340E-05, delzi= 1.2755E-06, nord= 3

steps completed = 29, iter = 1, ncorr =0
most rapidly changing is zvclgl(kaolinite )= -5.4386
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stepping to zi= 2.7187E-05, delzi= 5.8477E-06, nord= 3
the phase to be dropped is gibbsite ( 13)

attempted species assemblage no. 2

1 h2o

3 al+++
14 cl-

26 h+

35 k+

60 sio2(aq)
19 kaolinite

CCOUNAWNE

steps completed = 30, iter = 3, ncorr =0

reaction progress = 2.71873977556321E-05
log of reaction progress =  -4.5656324

temperature
total pressure

25.000 degrees ¢
1.013 bars

computing units remaining= 0.000
change in the product phase assemblage

--- reactant summary ---

reactant moles deltamoles grams delta grams

maximum microcline 9.9997E-01 2.7187E-05 2.7832E+02 7.5671E-03

current total mass = 2.78324E+02 grams
delta total mass 7.56711E-03 grams
delta total volume 0.00296 cc

reactant affinity rel. rate
kcal/mol  mol/mol

maximum microcline 7.1016 1.0000E+00

affinity of the overall irreversible reaction=  7.102 kcal
contributions from irreversible reactions
with no thermodynamic data are not included

--- element totals for the aqueous phase ---
element mg/kg soln. molal conc. moles

[¢] 8.880962E+05 5.550855E+01 5.550854E+01
al 6.367612E-02 2.360008E-06 2.360007E-06
cl 3.586469E+00 1.011629E-04 1.011629E-04
h 1.118975E+05 1.110169E+02 1.110169E+02
k 1.062973E+00 2.718740E-05 2.718740E-05
si 1.593412E+00 5.673481E-05 5.673480E-05

co3-- 0.000000E+00 0.000000E+00
S04-- 0.000000E+00 0.000000E+00
S-- 0.000000E+00 0.000000E+00

warning-- co3--, so4--, and s-- totals require that routine compl
have the names of non-carbonate carbon, sulfide sulfur,
and non-sulfate sulfur aqueous species

single ion activities and activity coefficients are here defined
with respect to the modified nbs ph scale

ph

modified nbs ph scale 4.1775
rational ph scale 4.1723

phcl=  8.1777

redox parameters are not defined
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activity of water = 1.00000
log activity of water = 0.00000

ionic strength = 1.075748E-04 molal
sum of molalities = 0.0002546904210
osmotic coefficient = 0.99663

mass of solution = 1.000008 kg
mass of solutes = 0.000008 kg
conc of solutes = 0.000820 per cent (w/w)

moles of solvent h2o0 = 5.55084E+01
mass of solvent h2o = 1.00000E+00 kg

species moles grams conc logconc logg log act

h2o 5.55084E+01 1.00000E+03 9.99995E-01 0.00000 0.00000 0.00000
cl- 1.01161E-04 3.58644E-03 1.01161E-04 -3.99499 -0.00522 -4.00021

h+ 6.72452E-05 6.77791E-05 6.72452E-05 -4.17234 -0.00516 -4.17750

sio2(aq) 5.67347E-05 3.40887E-03 5.67347E-05 -4.24615 0.00000 -4.24615
k+ 2.71873E-05 1.06298E-03 2.71873E-05 -4.56563 -0.00527 -4.57090

al+++ 2.04351E-06 5.51370E-05 2.04351E-06 -5.68962 -0.04638 -5.73600
aloh++ 2.82511E-07 1.24273E-05 2.82511E-07 -6.54897 -0.02094 -6.56990
al(oh)2+ 3.35081E-08 2.04387E-06 3.35081E-08 -7.47485 -0.00525 -7.48010
hcl(aq) 1.42000E-09 5.17741E-08 1.42000E-09 -8.84771 0.00000 -8.84771

al(oh)3(aq) 4.35311E-10 3.39558E-08 4.35311E-10 -9.36120 0.00000 -9.36120
oh- 1.54037E-10 2.61976E-09 1.54037E-10 -9.81238 -0.00522 -9.81760

--- summary of solid product phases---

product log moles moles grams volume, cc

kaolinite -4.9060989 1.24137E-05 3.20473E-03 1.23541E-03

--- grand summary of solid phases (e.s.+p.r.s.+reactants) ---
phase/end-member log moles moles grams volume, cc
kaolinite -4.9060989 1.24137E-05 3.20473E-03 1.23541E-03
maximum microcline -0.0000118 9.99973E-01 2.78324E+02 1.08738E+02
mass, grams volume, cc

created 3.204725E-03 1.235411E-03

destroyed 7.567110E-03 2.956385E-03

net -4.362385E-03  -1.720974E-03

warning-- these volume totals may be incomplete because
of missing partial molar volume data in the data base

--- mineral saturation state summary ---

mineral affinity, kcal state mineral affinity, kcal state
al 831.0485 ssatd andalusite -6.6690
beidellite-h -3.2601 beidellite-k -4.3585
boehmite -2.2305 chalcedony -0.7068
coesite -1.4418 corundum -7.4493
cristobalite -1.0878 cristobalite-a -1.0878
cristobalite-b -1.6929 diaspore -1.0783
gibbsite 0.0000 ssatd ice -0.1890

k 244.3368 ssatd k-feldspar -7.1016
kaolinite 0.0000 satd kyanite -6.2999
maximum microcline  -7.1016 muscovite -5.1352
pyrophyllite -2.8949 quartz -0.3368
sanidine high -8.7376 si 1157.9320 ssatd
sillimanite -7.1650 sio2(am) -2.0908
tridymite -0.5708

stepping to zi= 2.7197E-05, delzi= 1.0000E-08, nord= 0
steps completed = 31, iter = 3, ncorr =0

most rapidly changing is zvclgl(al+++ )= -5.6899
stepping to zi= 2.7207E-05, delzi= 1.0000E-08, nord= 0
steps completed = 32, iter = 3, ncorr =0

most rapidly changing is zvclgl(al+++ )= -5.6901

stepping to zi= 2.7217E-05, delzi= 1.0000E-08, nord= 0
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steps completed = 33, iter = 3, ncorr =0
most rapidly changing is zvclg1(al+++ )= -5.6904

(Material deleted)

stepping to zi= 1.0182E-04, delzi= 5.7544E-08, nord= 6
steps completed = 62, iter = 3, ncorr =0
most rapidly changing is zvclg1(al+++ )= -15.6951

stepping to zi= 1.0187E-04, delzi= 4.8700E-08, nord= 6
steps completed = 63, iter = 2, ncorr =0
most rapidly changing is zvclg1(al+++ )= -15.7767

stepping to zi= 1.0189E-04, delzi= 2.3063E-08, nord= 6
steps completed = 64, iter = 2, ncorr =0
most rapidly changing is zvclg1(al+++ )= -15.8137

stepping to zi= 1.0190E-04, delzi= 1.8832E-09, nord= 6
iter =

1 supersaturated pure minerals

0 supersaturated solid solutions

the most supersaturated phases  affinity, kcal

1 22 muscovite 0.00062491

attempted species assemblage no. 2

1 h2o

3 al+++

14 cl-

26 h+

35 k+

60 sio2(aq)
19 kaolinite
22 muscovite

OCOOUTAhWNE

steps completed = 65, iter = 14, ncorr = 0

reaction progress = 1.01896734182593E-04
log of reaction progress =  -3.9918397

temperature
total pressure

25.000 degrees c
1.013 bars

computing units remaining= 0.000
change in the product phase assemblage

--- reactant summary ---

reactant moles deltamoles grams delta grams
maximum microcline 9.9990E-01 1.0190E-04 2.7830E+02 2.8361E-02
current total mass = 2.78303E+02 grams

delta total mass = 2.83611E-02 grams
delta total volume = 0.01108 cc

reactant affinity rel. rate
kcal/mol  mol/mol
maximum microcline 0.4542 1.0000E+00
affinity of the overall irreversible reaction=  0.454 kcal

contributions from irreversible reactions
with no thermodynamic data are not included

--- element totals for the aqueous phase ---

element mg/kg soln. molal conc. moles
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[¢] 8.880906E+05 5.550884E+01 5.550879E+01

al 8.257125E-05 3.060347E-09 3.060345E-09
cl 3.586431E+00 1.011630E-04 1.011629E-04
h 1.118961E+05 1.110169E+02 1.110168E+02
k 3.983880E+00 1.018960E-04 1.018959E-04
si 5.723619E+00 2.037967E-04 2.037965E-04
c03-- 0.000000E+00 0.000000E+00

S04-- 0.000000E+00 0.000000E+00

S-- 0.000000E+00 0.000000E+00

warning-- co3--, so4--, and s-- totals require that routine comp1
have the names of non-carbonate carbon, sulfide sulfur,
and non-sulfate sulfur aqueous species

single ion activities and activity coefficients are here defined
with respect to the modified nbs ph scale

ph

modified nbs ph scale 7.3676
rational ph scale 7.3626

phcl=  11.3677

redox parameters are not defined

activity of water = 0.99999
log activity of water = 0.00000

ionic strength = 1.019390E-04 molal
sum of molalities = 0.0004071403885
osmotic coefficient = 0.99806

mass of solution = 1.000019 kg
mass of solutes = 0.000020 kg
conc of solutes = 0.001983 per cent (w/w)

moles of solvent h20 = 5.55084E+01
mass of solvent h2o = 9.99999E-01 kg

species moles grams conc logconc logg log act

h2o 5.55084E+01 9.99999E+02 9.99993E-01 0.00000 0.00000
sio2(aq) 2.03262E-04 1.22128E-02 2.03262E-04 -3.69194 0.00000

k+ 1.01896E-04 3.98394E-03 1.01896E-04 -3.99184 -0.00513 -3.99697
cl- 1.01163E-04 3.58649E-03 1.01163E-04 -3.99498 -0.00509 -4.00007
hsio3- 5.34862E-07 4.12334E-05 5.34862E-07 -6.27176 -0.00507

oh- 2.38563E-07 4.05732E-06 2.38563E-07 -6.62240 -0.00509 -6.62748
h+ 4.33921E-08 4.37367E-08 4.33922E-08 -7.36259 -0.00503 -7.36762
al(oh)4- 2.93277E-09 2.78645E-07 2.93277E-09 -8.53272 -0.00507

kel(aq) 3.22373E-10 2.40333E-08 3.22374E-10 -9.49164 0.00000 -9.49164
al(oh)3(aq) 1.21504E-10 9.47778E-09 1.21505E-10 -9.91541 0.00000

--- summary of solid product phases---

product log moles moles grams volume, cc
kaolinite -4.2928937 5.09456E-05 1.31521E-02 5.07010E-03
muscovite -9.0671540 8.56734E-10 3.41244E-07 1.20551E-07

--- grand summary of solid phases (e.s.+p.r.s.+reactants) ---
phase/end-member log moles moles grams volume, cc
kaolinite -4.2928937 5.09456E-05 1.31521E-02 5.07010E-03
maximum microcline -0.0000443 9.99898E-01 2.78303E+02 1.08730E+02
muscovite -9.0671540 8.56734E-10 3.41244E-07 1.20551E-07
mass, grams volume, cc

created 1.315247E-02 5.070222E-03

destroyed 2.836107E-02 1.108035E-02

net -1.520861E-02  -6.010131E-03

warning-- these volume totals may be incomplete because
of missing partial molar volume data in the data base

--- mineral saturation state summary ---
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mineral affinity, kcal ~state mineral affinity, kcal state
al 830.2924 ssatd andalusite -7.4251
beidellite-h -2.2470 beidellite-k -1.6507
boehmite -2.9866 chalcedony 0.0493 ssatd
coesite -0.6857 corundum -8.9615
cristobalite -0.3317 cristobalite-a -0.3317
cristobalite-b -0.9368 diaspore -1.8344
gibbsite -0.7561 ice -0.1890

k 249.4720 ssatd k-feldspar -0.4542
kalsilite -5.6250 kaolinite 0.0000 satd
kyanite -7.0560 maximum microcline  -0.4542
muscovite 0.0000 satd pyrophyllite -1.3827
quartz 0.4193 ssatd sanidine high -2.0902

si 1158.6881 ssatd sillimanite -7.9211
sio2(am) -1.3347 tridymite 0.1853 ssatd

stepping to zi= 1.0191E-04, delzi= 1.0000E-08, nord= 0
steps completed = 66, iter = 13, ncorr = 0
most rapidly changing is zvclg1l(muscovite )= -7.9664

stepping to zi= 1.0192E-04, delzi= 1.0000E-08, nord= 0
steps completed = 67, iter = 5, ncorr =0
most rapidly changing is zvclg1l(muscovite )= -7.6829

stepping to zi= 1.0193E-04, delzi= 1.0000E-08, nord= 0
steps completed = 68, iter = 5, ncorr =0
most rapidly changing is zvclg1l(muscovite )= -7.5128

stepping to zi= 1.0194E-04, delzi= 1.0000E-08, nord= 0
steps completed = 69, iter = 4, ncorr =0
most rapidly changing is zvclg1l(muscovite )= -7.3909

stepping to zi= 1.0204E-04, delzi= 1.0000E-07, nord= 2
steps completed = 70, iter = 7, ncorr =0
most rapidly changing is zvclgl(muscovite )= -6.8535

stepping to zi= 1.0304E-04, delzi= 1.0000E-06, nord= 2
steps completed = 71, iter = 2, ncorr =0
most rapidly changing is zvclgl(muscovite )= -5.9450

stepping to zi= 1.0555E-04, delzi= 2.5108E-06, nord= 3
steps completed = 72, iter = 2, ncorr =0
most rapidly changing is zvclgl(muscovite )= -5.4398

stepping to zi= 1.1033E-04, delzi= 4.7790E-06, nord= 3
steps completed = 73, iter = 2, ncorr =0
most rapidly changing is zvclgl(muscovite )= -5.0764

stepping to zi= 1.2075E-04, delzi= 1.0423E-05, nord= 4
steps completed = 74, iter = 2, ncorr =0
most rapidly changing is zvclgl(muscovite )= -4.7269

stepping to zi= 1.3798E-04, delzi= 1.7228E-05, nord=5
steps completed = 75, iter = 2, ncorr =0
most rapidly changing is zvclgl(kaolinite )= -4.8197

stepping to zi= 1.4959E-04, delzi= 1.1612E-05, nord= 6
iter =

2 supersaturated pure minerals

0 supersaturated solid solutions

the most supersaturated phases  affinity, kcal

1 21 maximum microcline  0.00079466

2 16 k-feldspar 0.00079466

attempted species assemblage no. 2

1 h2o

60 sio2(aq)

19 kaolinite

21 maximum microcline
10 22 muscovite

OCOoOURhWNE
N
(2]
o
F

--- reactant maximum microcline has saturated and been transferred

to the equilibrium system ---
steps completed = 76, iter = 9, ncorr =0
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reaction progress = 1.49588678790796E-04
log of reaction progress =  -3.8251013

temperature = 25.000 degrees c
total pressure = 1.013 bars

computing units remaining = 0.000
change in the product phase assemblage

--- reactant summary ---

reactant moles delta moles grams delta grams

maximum microcline 0.0000E+00 1.4959E-04 0.0000E+00 4.1635E-02

current total mass = 0.00000E+00 grams
delta total mass 4.16352E-02 grams
delta total volume 0.01627 cc

reactant affinity rel. rate
kcal/mol  mol/mol

maximum microcline 0.0000 0.0000E+00

affinity of the overall irreversible reaction= 0.000 kcal
contributions from irreversible reactions
with no thermodynamic data are not included

--- element totals for the aqueous phase ---

element mg/kg soln. molal conc. moles
o 8.880885E+05 5.550903E+01 5.550903E+01
al 5.615486E-05 2.081286E-09 2.081286E-09
cl 3.586407E+00 1.011629E-04 1.011629E-04
h 1.118955E+05 1.110169E+02 1.110169E+02
k 3.993485E+00 1.021422E-04 1.021422E-04
si 8.396757E+00 2.989789E-04 2.989789E-04
co3-- 0.000000E+00 0.000000E+00
S04-- 0.000000E+00 0.000000E+00
S-- 0.000000E+00 0.000000E+00

warning-- co3--, so4--, and s-- totals require that routine comp1
have the names of non-carbonate carbon, sulfide sulfur,
and non-sulfate sulfur aqueous species

single ion activities and activity coefficients are here defined
with respect to the modified nbs ph scale

ph

modified nbs ph scale 7.3666
rational ph scale 7.3615

phcl=  11.3666

redox parameters are not defined

activity of water = 0.99999
log activity of water = 0.00000

ionic strength = 1.021854E-04 molal
sum of molalities = 0.0005025672852
osmotic coefficient = 0.99842

mass of solution = 1.000025 kg
mass of solutes = 0.000026 kg
conc of solutes = 0.002556 per cent (w/w)

moles of solvent h20 = 5.55084E+01
mass of solvent h2o = 1.00000E+00 kg

species moles grams conc logconc logg log act
h2o 5.55084E+01 1.00000E+03 9.99991E-01 0.00000 0.00000
sio2(aq) 2.98196E-04 1.79169E-02 2.98196E-04 -3.52550 0.00000
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k+ 1.02142E-04 3.99357E-03 1.02142E-04 -3.99080 -0.00514 -3.99593

cl- 1.01163E-04 3.58649E-03 1.01163E-04 -3.99498 -0.00509 -4.00007
hsio3- 7.82799E-07 6.03472E-05 7.82799E-07 -6.10635 -0.00508 -6.11143
oh- 2.37993E-07 4.04764E-06 2.37993E-07 -6.62343 -0.00509 -6.62853
h+ 4.34971E-08 4.38425E-08 4.34971E-08 -7.36154 -0.00504 -7.36658
al(oh)4- 1.99432E-09 1.89482E-07 1.99432E-09 -8.70021 -0.00508 -8.70528
kel(aq) 3.23143E-10 2.40907E-08 3.23143E-10 -9.49060 0.00000 -9.49060

--- summary of solid product phases---

product log moles moles grams volume, cc

kaolinite -5.4290056 3.72387E-06 9.61356E-04 3.70599E-04
maximum microcline -0.0000649 9.99851E-01 2.78290E+02 1.08725E+02
muscovite -4.3247149 4.73462E-05 1.88584E-02 6.66208E-03

--- grand summary of solid phases (e.s.+p.r.s.+reactants) ---
phase/end-member log moles moles grams volume, cc
kaolinite -5.4290056 3.72387E-06 9.61356E-04 3.70599E-04

maximum microcline -0.0000649 9.99851E-01 2.78290E+02 1.08725E+02
muscovite -4.3247149 4.73462E-05 1.88584E-02 6.66208E-03

mass, grams volume, cc
created 2.783098E+02 1.087318E+02
destroyed 4.163525E-02 1.626642E-02
net 2.782681E+02 1.087155E+02

warning-- these volume totals may be incomplete because
of missing partial molar volume data in the data base

--- mineral saturation state summary ---

mineral affinity, kcal ~state mineral affinity, kcal state
al 830.0653 ssatd andalusite -7.6521
beidellite-h -1.9427 beidellite-k -1.3465
boehmite -3.2136 chalcedony 0.2764 ssatd
coesite -0.4587 corundum -9.4156
cristobalite -0.1046 cristobalite-a -0.1046
cristobalite-b -0.7097 diaspore -2.0615
gibbsite -0.9832 ice -0.1890

k 249.4720 ssatd k-feldspar 0.0000
kalsilite -5.6250 kaolinite 0.0000 satd
kyanite -7.2831 maximum microcline  0.0000 satd
muscovite 0.0000 satd pyrophyllite -0.9285
quartz 0.6464 ssatd sanidine high -1.6361

si 1158.9152 ssatd sillimanite -8.1482
sio2(am) -1.1077 tridymite 0.4124 ssatd

--- all rates are zero ---
--- each reactant is saturated or exhausted ---
--- the reaction path has terminated normally ---
76 steps were taken
zi increased from
0.00000E+00 to 1.49589E-04

the average value of delzi was 1.96827E-06
the average matrix dimension was 8

start time = 13:46  10Dec91
end time = 13:46  10Dec91

user time = 39.060
cputime=  0.960

--- no further input found ---
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The EQ6tab file (microhcl.6t), microcline dissolution in pH 4 HCI

EQ6 input file name= microhcl.6i

Description= "Microcline dissolution in pH 4 HCI"
Version number= 3245 Stage number= 01
Created 10/31/90 Creator= T.J. Wolery
Revised 10/31/90 Revisor=T.J. Wolery

React microcline (KAISi308) with a dilute (pH 4.0) HCI solution
at 25 C. There is no time frame in this calculation. Precipitation
of quartz, chalecedony, and tridymite is suppressed by means of an
"nxmod" option that is inherited from the initializing EQ3NR input
file ph4hcl.3i. This is test problem 3 of INTERA (1983, p. 65-73);
itis similar to test problem 5 of Parkhurst, Thorstenson, and
Plummer (1980). INTERA (1983) reported that the product minerals
formed were gibbsite, kaolinite, and muscovite. The run terminates
when the solution becomes saturated with microcline.

The original problem called for suppression of quartz. Chalcedony
and tridymite were apparently not the supporting data file used
by INTERA (1983).

Purpose: to compare against results obtained in a previous
comparison of EQ3/6 with PHREEQE (Parkhurst, Thorstenson, and
Plummer, 1980) made by INTERA (1983).

This problem has no redox aspect. The option switch ioptl1 is
set to 1 to indicate this to the code.

References

INTERA Environmental Consultants, Inc., 1983, Geochemical Models
Suitable for Performance Assessment of Nuclear Waste Storage:
Comparison of PHREEQE and EQ3/EQ6: Office of Nuclear Waste
Isolation, Battelle Project Management Division, Columbus, Ohio,
ONWI-473, 114 p.

Parkhurst, D. L., Thorstenson, D. C., and Plummer, L. N., 1980,
PHREEQE- A Computer Program for Geochemical Calculations: Water
Resources Investigations Report 80-96, U.S. Geological Survey,
Reston, Virginia, 210 p.

€(6.3245R119x
supported by eqlib.3245R153

data0.com.R10
THERMODYNAMIC DATABASE
generated by gembochs/INGRES 15-apr-91

start time =16:10 13Dec91
end time =16:11 13Dec91

zi logzi time,d logdays tempc press ph logfo2 eh pe kgh2o totaff

0.000E+00-999.00000.000E+00-999.0000 25.0000 1.0132 4.0000-999.0000-999.0000 -999.0000 1.0000 58.6114
1.000E-08 -8.00000.000E+00-999.0000 25.0000 1.0132 4.0002 -999.0000 -999.0000 -999.0000 1.0000 29.3719
1.000E-07 -7.00000.000E+00-999.0000 25.0000 1.0132 4.0017 -999.0000 -999.0000 -999.0000 1.0000 22.5426
1.000E-06 -6.00000.000E+00-999.0000 25.0000 1.0132 4.0171-999.0000-999.0000 -999.0000 1.0000 15.6398
4.458E-06 -5.3508 0.000E+00-999.0000 25.0000 1.0132 4.0817-999.0000 -999.0000 -999.0000 1.0000 10.8723
1.000E-05 -5.00000.000E+00-999.0000 25.0000 1.0132 4.1022-999.0000-999.0000-999.0000 1.0000 8.9296
1.892E-05 -4.72300.000E+00-999.0000 25.0000 1.0132 4.1389-999.0000-999.0000-999.0000 1.0000 7.3690
2.719E-05 -4.5656 0.000E+00-999.0000 25.0000 1.0132 4.1775-999.0000 -999.0000 -999.0000 1.0000 7.1016
1.000E-04 -4.00000.000E+00-999.0000 25.0000 1.0132 5.9292 -999.0000-999.0000-999.0000 1.0000 2.4469
1.019E-04 -3.9918 0.000E+00-999.0000 25.0000 1.0132 7.3676-999.0000-999.0000-999.0000 1.0000 0.4542
1.496E-04 -3.82510.000E+00-999.0000 25.0000 1.0132 7.3666 -999.0000-999.0000-999.0000 1.0000 0.0000

log zi time,d log days log alk log tot log tot log tot loga h2o0
c03-- S04--  s--

-999.0000 0.000E+00 -999.0000 -999.0000 -999.0000 -999.0000 -999.0000 0.0000
-8.0000 0.000E+00 -999.0000 -999.0000 -999.0000 -999.0000 -999.0000 0.0000
-7.0000 0.000E+00 -999.0000 -999.0000 -999.0000 -999.0000 -999.0000 0.0000
-6.0000 0.000E+00 -999.0000 -999.0000 -999.0000 -999.0000 -999.0000 0.0000
-5.3508 0.000E+00 -999.0000 -999.0000 -999.0000 -999.0000 -999.0000 0.0000
-5.0000 0.000E+00 -999.0000 -999.0000 -999.0000 -999.0000 -999.0000 0.0000
-4.7230 0.000E+00 -999.0000 -999.0000 -999.0000 -999.0000 -999.0000 0.0000
-4.5656 0.000E+00 -999.0000 -999.0000 -999.0000 -999.0000 -999.0000 0.0000
-4.0000 0.000E+00 -999.0000 -999.0000 -999.0000 -999.0000 -999.0000 0.0000
-3.9918 0.000E+00 -999.0000 -999.0000 -999.0000 -999.0000 -999.0000 0.0000
-3.8251 0.000E+00 -999.0000 -999.0000 -999.0000 -999.0000 -999.0000 0.0000

log molality of dissolved elements

log zi time,d logdays al cl k si
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-999.0000 0.000E+00 -999.0000 -12.0000 -3.9950 -12.0000 -12.0000
-8.0000 0.000E+00 -999.0000 -8.0000 -3.9950 -8.0000 -7.5229
-7.0000 0.000E+00 -999.0000 -7.0000 -3.9950 -7.0000 -6.5229
-6.0000 0.000E+00 -999.0000 -6.0000 -3.9950 -6.0000 -5.5229
-5.3508 0.000E+00 -999.0000 -5.3513 -3.9950 -5.3508 -4.8737
-5.0000 0.000E+00 -999.0000 -5.4107 -3.9950 -5.0000 -4.5229
-4.7230 0.000E+00 -999.0000 -5.5163 -3.9950 -4.7230 -4.2462
-4.5656 0.000E+00 -999.0000 -5.6271 -3.9950 -4.5656 -4.2462
-4.0000 0.000E+00 -999.0000 -9.3678 -3.9950 -4.0000 -3.6990
-3.9918 0.000E+00 -999.0000 -8.5142 -3.9950 -3.9918 -3.6908
-3.8251 0.000E+00 -999.0000 -8.6817 -3.9950 -3.9908 -3.5244

ppm (mg/kg) of dissolved elements

log zi time,d log days al cl k si

-999.0000 0.000E+00 -999.0000 .270E-07 3.59  .391E-07 .281E-07
-8.0000 0.000E+00 -999.0000 .270E-03 3.59  .391E-03 .843E-03
-7.0000 0.000E+00 -999.0000 .270E-02 3.59  .391E-02 .843E-02
-6.0000 0.000E+00 -999.0000 .270E-01 3.59  .391E-01 .843E-01
-5.3508 0.000E+00 -999.0000 .120 3.59 .174  .376
-5.0000 0.000E+00 -999.0000 .105 3.59 .391  .843
-4.7230 0.000E+00 -999.0000 .822E-01 3.59 .740 159
-4.5656 0.000E+00 -999.0000 .637E-01 3.59 1.06 159
-4.0000 0.000E+00 -999.0000 .116E-04 3.59 391 5.62

-3.9918 0.000E+00 -999.0000 .826E-04 3.59 3.98 5.72
-3.8251 0.000E+00 -999.0000 .562E-04 3.59 3.99 8.40

solid solution product compositions
log of moles of product minerals (cumulative)

log zi time, d log days gibbsite

-5.3508 0.000E+00 -999.0000 -8.3489
-5.0000 0.000E+00 -999.0000 -5.2136

log zi time, d log days gibbsite kaolinit
e
-4.7230 0.000E+00 -999.0000 -4.8002 -7.7230
log zi time, d log days kaolinit
e

-4.5656 0.000E+00 -999.0000 -4.9061
-4.0000 0.000E+00 -999.0000 -4.3010

log zi time, d log days kaolinit muscovit
e e

-3.9918 0.000E+00 -999.0000 -4.2929 -9.0672

log zi time, d log days kaolinit maximum muscovit
e microcli e
ne

-3.8251 0.000E+00 -999.0000 -5.4290 -0.0001 -4.3247

log of destroyed moles of reactants
log zi time, d log days maximum
microcli
ne

-999.0000 0.000E+00 -999.0000 -999.0000
-8.0000 0.000E+00 -999.0000 -8.0000
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-7.0000 0.000E+00 -999.0000 -7.0000
-6.0000 0.000E+00 -999.0000 -6.0000
-5.3508 0.000E+00 -999.0000 -5.3508
-5.0000 0.000E+00 -999.0000 -5.0000
-4.7230 0.000E+00 -999.0000 -4.7230
-4.5656 0.000E+00 -999.0000 -4.5656
-4.0000 0.000E+00 -999.0000 -4.0000
-3.9918 0.000E+00 -999.0000 -3.9918
-3.8251 0.000E+00 -999.0000 -3.8251

zi logzi time,d logdays gdes gcre gnet ccdes cccre ccnet
0.000E+00 -999.0000 0.000E+00 -999.0000 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00
1.000E-08 -8.0000 0.000E+00 -999.0000 2.783E-06 0.000E+00-2.783E-06 1.087E-06 0.000E+00-1.087E-06
1.000E-07 -7.0000 0.000E+00 -999.0000 2.783E-05 0.000E+00-2.783E-05 1.087E-05 0.000E+00-1.087E-05
1.000E-06 -6.0000 0.000E+00 -999.0000 2.783E-04 0.000E+00-2.783E-04 1.087E-04 0.000E+00-1.087E-04
4.458E-06 -5.3508 0.000E+00 -999.0000 1.241E-03 3.493E-07-1.241E-03 4.848E-04 1.431E-07-4.846E-04
1.000E-05 -5.0000 0.000E+00 -999.0000 2.783E-03 4.770E-04-2.306E-03 1.087E-03 1.954E-04-8.920E-04
1.892E-05 -4.7230 0.000E+00 -999.0000 5.267E-03 1.240E-03-4.027E-03 2.058E-03 5.081E-04-1.550E-03
2.719E-05 -4.5656 0.000E+00 -999.0000 7.567E-03 3.205E-03-4.362E-03 2.956E-03 1.235E-03-1.721E-03
1.000E-04 -4.0000 0.000E+00 -999.0000 2.783E-02 1.291E-02-1.493E-02 1.087E-02 4.976E-03-5.898E-03
1.019E-04 -3.9918 0.000E+00 -999.0000 2.836E-02 1.315E-02-1.521E-02 1.108E-02 5.070E-03-6.010E-03
1.496E-04 -3.8251 0.000E+00 -999.0000 4.164E-02 2.783E+02 2.783E+02 1.627E-02 1.087E+02 1.087E+02

affinities of irreversible reactions

log zi time,d log days maximum

microcli

ne

-999.0000 0.000E+00 -999.0000 58.6114

-8.0000 0.000E+00 -999.0000 29.3719
-7.0000 0.000E+00 -999.0000 22.5426
-6.0000 0.000E+00 -999.0000 15.6398
-5.3508 0.000E+00 -999.0000 10.8723
-5.0000 0.000E+00 -999.0000 8.9296
-4.7230 0.000E+00 -999.0000 7.3690
-4.5656 0.000E+00 -999.0000 7.1016
-4.0000 0.000E+00 -999.0000 2.4469
-3.9918 0.000E+00 -999.0000 0.4542
-3.8251 0.000E+00 -999.0000 0.0000

6.5. Microcline Dissolution in a Fluid-Centered Flow-Through Open System

This example is a modification of the previous one. Here reaction takes place in a fluid-centered
flow-through open system instead of in a closed system. The calculation describes the evolution
of the “first” packet of dilute acid solution flowing through a microcline “medium.” Results anal-
ogous to those plotted for the preceding example are plotted in Figures 10-13. Timp&Q6

file for this example isnicrohclft.6i. This initializing EQ3NRnput file is once moreph4hcl.3i.

The results are illustrated below by selected parts of the correspomdtipigt andtab files (mi-
crohcftl.6o andmicrohclft.6t, respectively). Only the final “print point” is presented here for the
output file.

The reaction path is identical to that in the previous example up to the point at which kaolinite
(Al,SHOs(OH),) begins to precipitate. Recall that the kaolinite competed with the previously
precipitated gibbsiteA|(OH)3) for available aluminum. This competition caused the gibbsite to
redissolve. In the present model system, however, the gibbsite is taken to be physically separated
from the moving packet of fluid. Hence, it can not redissolve. In the code, it is protected from
redissolving by transfer from the equilibrium system to the physically removed system. In prac-
tice, a very small amount is left in the equilibrium system and permitted to redissolve. Because
redissolution is not permitted (except as previously noted), it is the cumulative amount of sec-
ondary minerals that is plotted in Figure 12. As before, muscdti$50,o(OH),) later be-

gins to precipitate, though at an earlier point of reaction progress (less microcline dissolved).
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Figure 10. Changes in the total molalities of dissolved aluminum, potassium, and silica as a function of re-
action progres<] in fluid-centered flow-through open system reaction of microcline pitid.0HCI so-

lution.
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tem reaction of microcline withH 4.0HCI solution.
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Figure 12. The cumulative number of moles of secondary min

Iag a function of reaction progress

() in fluid-centered flow-through open system reaction of microcline pktd.OHCI solution. The react-
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Figure 13. The affinity to dissolve of microcline as a function of reaction progie#ss fluid-centered
flow-through open system reaction of microcline with 4.0 HCI solution.
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It competes with the kaolinite for aluminum and silicon. In the previous example, some but not
all of the kaolinite redissolved. Here the precipitated kaolinite is protected in the same manner as
was the gibbsite. The solution eventually saturates with microcline, and reaction stops.

Note that the reaction path is similar to, but different from, that obtained in the closed system
model. The final value of reaction progress (1.038 & tles) is about two thirds that obtained

in closed system (1.496 x famoles). TheoH, which was initially 4.0, is 7.75 at this point. It
was 7.37 for the closed system. Other small but significant differences in the water chemistry
may also be noted.

The EQ6input file (microhclft.6i), microcline dissolution in pH 4 HCI, fluid-centered flow-
through open system (“W” format)

EQ6 input file name= microhclft.6i

Description= "Microcline dissolution in flowing HCI solution”
Version number= 3245 Stage number= 01

Created 10/31/90 Creator=T.J. Wolery

Revised 10/31/90 Revisor= T.J. Wolery

React microcline (KAISi308) with a dilute (pH 4.0) HCI solution
at 25 C. This case is identical to that in the EQ6 test case input
file microhcl.6i, except that reaction here takes place in a
fluid-centered flow-through open system (nmodI1 = 3). There is no
time frame in this calculation. Precipitation of quartz,
chalecedony, and tridymite is suppressed by means of an "nxmod"
option that is inherited from the initializing EQ3NR input file
ph4hcl.3i.

Purpose: to test the fluid-centered flow-through open system
model. The results may be compared and contrasted with those
obtained using the EQ6 test case input file microhcl.6i, which
is used to model the same reaction in a closed system.

This problem has no redox aspect. The option switch iopt11 is
set to 1 to indicate this to the code.

References
None
endit.
nmodil= 3 nmodi2= 0

tempcO= 2.50000E+01 jtemp= 0
tk1= 0.00000E+00 tk2=0.00000E+00 tk3= 0.00000E+00

zistrt= 0. zimax= 1.0
tstrt= 0. timemx= 1.00000E+38
kstpmx= 200 cplim= 0.00000E+00

dzprnt= 1.00000E+00 dzprlg= 1.00000E+00 ksppmx= 100
dzplot= 1.00000E+38 dzpllg= 1.00000E+38 ksplmx= 10000

ifile= 60
* 1 2 3 45 6 7 8 910
ioptl-10= 0 0 0 0 0 0 O O O O
11-20= 1 0 0 0 0O 0 0 O O O
jopr1-10= 0 0 0 0 0 0O O O O O
iopr11-20= 0 0 0 0 0 O O O O O
jodbl1-10= 0 0 0 0 0 O O O O O

11-20= 0 0 0 0 O 0 0 O O O
* nxopt = number of mineral subset-selection suppression options
* nxopex = number of exceptions
nxopt= 0
* nffg = number of gas species with fixed fugacities
nffg= 0
* nrct = number of reactants
nrct= 1

reactant= maximum microcline
jcode= 0 jreac= 0

morr= 1.00000E+00 modr= 0.00000E+00
nsk= 0 sk=0.00000E+00 fk=0.00000E+00
nrk= 1 nrpk= 0

rkl= 1.00000E+00 rk2= 0.00000E+00 rk3= 0.00000E+00
*.
dizidp= 0.00000E+00
tolbt= 0.00000E+00  toldl= 0.00000E+00  tolx= 0.00000E+00
tolsat= 0.00000E+00 tolsst= 0.00000E+00
screwl= 0.00000E+00 screw2= 0.00000E+00 screw3= 0.00000E+00
screw4= 0.00000E+00 screw5= 0.00000E+00 screw6= 0.00000E+00
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zklogu= 0.000 zklogl= 0.000 zkfac= 0.000
dlzmx1= 0.00000E+00 dlzmx2= 0.00000E+00 nordim= 0
itermx= 0 ntrymx= 0
npsimx= 0 nssimx= 0 ioscan= 0
*
* pickup file written by eq3nr.3245R124x
* supported by eqlib.3245R153
EQ3NR input file name= ph4hcl.3i
Description= "A pH 4 HCI solution, with traces of K, Al, and Si"
Version number= 3245 Stage number= 01
Created 06/08/90 Creator= T.J. Wolery
Revised 06/08/90 Revisor= T.J. Wolery

Dilute HCI solution, pH 4.00, with traces of potassium, aluminum,
and silica. This problem is part of test problem 3 of INTERA
(1983), who report a comparison study of EQ3/6 with PHREEQE
(Parkhurst, Thorstenson, and Plummer, 1980). Note that quartz,
chalcedony, and tridymite are suppressed by means of "nxmod"
options. This has no effect on the EQ3NR calculation. It is simply
needed for the subsequent EQ6 problem. EQ3NR passes this on to
EQ6 on the pickup file.

Purpose: to provide a pickup file for construction of the EQ6 test
cases microhcl.6i and microhclft.6i. It also tests the "nxmod"
suppress option.

This problem is actually redox-indifferent. The auxiliary basis
species O2(aq) and H2(aq) have therefore been suppressed. The EQ6
option switch iopt11 should be set to 1.

References

INTERA Environmental Consultants, Inc., 1983, Geochemical Models
Suitable for Performance Assessment of Nuclear Waste Storage:
Comparison of PHREEQE and EQ3/EQ6: Office of Nuclear Waste
Isolation, Battelle Project Management Division, Columbus, Ohio,
ONWI-473, 114 p.

Parkhurst, D. L., Thorstenson, D. C., and Plummer, L. N., 1980,
PHREEQE- A Computer Program for Geochemical Calculations: Water
Resources Investigations Report 80-96, U.S. Geological Survey,
Reston, Virginia, 210 p.

endit.
tempci= 0.25000E+02
nxmod= 3
species= quartz
type= 1 option= -1 xlkmod= 0.00000E+00
species= chalcedony
type= 1 option= -1 xlkmod= 0.00000E+00
species= tridymite
type= 1 option= -1 xlkmod= 0.00000E+00
iopgl= 0 iopg2= 0 iopg3= 0
iopg4= 0 iopgs= 0 iopg6= 0
iopg7= 0 iopg8= 0 iopg9= 0
iopgl0= 0
ket= 6 ksq= 7 kmt= 7
kxt= 7 kdim= 7 kprs= 0
o 0.555084350618964E+02
al 0.100000000000005E-11
cl 0.101162909259305E-03
h 0.111016971286694E+03
k 0.999999999999999E-12
si 0.100000000000000E-11
electr 0.271050543121376E-19
h2o h2o 0.174435898352698E+01
al+++ al+++ -0.120411346756320E+02
cl- cl- -0.399498786688732E+01
h+ h+ -0.399498744436686E+01
k+ k+ -0.120000013741135E+02
sio2(aq) sio2(aq) -0.120000004901545E+02
02(g) 02(9) -0.700000000000000E+00

The EQ6input file (microhclft.6i), microcline dissolution in pH 4 HCI, fluid-centered flow-
through open system (*W” format)

|

I

|EQS6 input file name= microhclft.6i
|Description= "Microcline dissolution in flowing HCI solution” |
|Version number= 3245 Stage number= 01 |
|Created 10/31/90 Creator=T.J. Wolery |
|Revised 10/31/90 Revisor=T.J. Wolery |

| [
| React microcline (KAISi308) with a dilute (pH 4.0) HCI solution |

|at 25 C. This case is identical to that in the EQ6 test case input |
[file microhcl.6i, except that reaction here takes place in a |
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fluid-centered flow-through open system (nmodi1 = 3). Thereisno |
time frame in this calculation. Precipitation of quartz,

chalecedony, and tridymite is suppressed by means of an "nxmod" |
option that is inherited from the initializing EQ3NR input file |
ph4hcl.3i. |

Purpose: to test the fluid-centered flow-through open system |
model. The results may be compared and contrasted with those
obtained using the EQ6 test case input file microhcl.6i, which |
is used to model the same reaction in a closed system. |

|
This problem has no redox aspect. The option switch iopt11 is |
set to 1 to indicate this to the code. |

References |
None ! |
| [
calculational mode |*normal | economy | Slljpel’ economy|
model type | titration | closed |*open : |
temperature model |*power | fluid mixing I |

c power model --> temp = tstart + tk1*zi + tk2*zi**2 + tk3*zi**3 |
¢ mixing model --> temp = (tstart * tk1 + zi*tk2) / (zi + tk1) |
C |

I
tstart(c)] 25.00 |tk1] O0. [tk2| O. |k3] O. |
|

|
starting value of zi| 0. |max. value of zi | 1.0000 |
|

|
starting time (sec) | 0. |max.time (sec) |1.00000E+38 |
|

|
max. steps | 200 |max. steps w/o print| 100 |
|

|
linear print interval| 1.0000 |log printinterval | 1.0000 |
|

) |
suppress mineral phases |

|

|
phases w/ elements]| | In
phases except | | In

fixed fugacity phases- species, moles(per kg h20), Iolg fugacity(bars)|
|
|

none | | In

c RATE LAWS

c 1 =relative rate = rk1 + rk2*zi + (1/2)rk3*zi*zi

¢ 2 = transition state theory rate = CHECK DOCUMENTATIONCc 3 = specified rate
¢ 4 = activity term rate rate = CHECK DOCUMENTATION

c REACTANT TYPES
c mineral solid solution special aqueous gas
c

c SURFACE TYPE
¢ 0 = fixed surface area 1 = fixed specific surface area
c

c NOTES
c status and jreac are normally not set by the user

|
|

reactants (ss) solid solution only  (sp) special reactant only |
|

|
REACTANT | maximum microcline |status |0 |
moles remaining | 1.0000 |destroyed| 0. |
reactanttype | mineral sk 0. |
surfacetype | O |tk | 1.0000 |
end-member | |mole fr | |ss,n
volume | | | Isp
element |moles | |sp,n
DISSOLUTION LAW | 1 |
rate constant rk1| 1.0000 |csigmal | |
rate constant rk2| 0. |csigma2 | |
rate constant rk3| 0. |csigma3 | |

PRECIPITATION LAW| 0 | | |

options |

- SOLID SOLUTIONS - |
* ignore solid solutions |
process solid solutions |
- LOADING OF SPECIES INTO MEMORY - |
*don't print |
lists species loaded into memory |
- LIST DERIVATIVES OF BASIS ELEMENTS AT EACH PRINT POINT - |
*don't print |
print |
- LIST ALL SPECIES LOADED INTO MEMORY AND THEIR LOG K VALUES -
*don't print |
print |
- LIST DISTRIBUTION OF AQUEOUS SPECIES AT EACH PRINT POINT - |
* only species > 10**-12 molal |
all species |
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don't print |
- LIST CATION/H+ ACTIVITY RATIOS AT EACH PRINT POINT -
* don't print |
print |

- LIST BULK ELEMENT AND OXIDE COMPOSITION AT EACH PRINT POINT -
|

* don't print
print |
- MINERAL SATURATION STATES - |
* print if affinity > -10 kcals |
print all |
don't print |
- LIST GAS SPECIES SUMMARY AT EACH PRINT POINT -
* don't print |
print |
- PRINT AQUEOUS MASS AND CONCENTRATION TOTALS -
* don't print |
print |
- TAB FILES - |
* write |
append to previous tabx file |
don't write |
- WRITE PICKUP FILE - |
* write pickup file at end of run |
don't write pickup file |
write pickup file for each print point |
- PHYSICALLY REMOVED SUBSYSTEM - |
* does nothing |
transfer minerals but leave trivial mass in the system |
transfer minerals |
- CLEAR INITIAL PHYSICALLY REMOVED SUBSYSTEM -
* does nothing |
clear p.r.s. before first reaction progress advance |
- PHASE BOUNDARY SEARCH - |
* step size constrained by predicted phase boundaries
phase boundaries estimated from Taylor's series and printed |
locations of phase boundaries ignored |
- AUTO BASIS SWITCHING - |
* off |

on |
- SUPPRESS REDOX REACTIONS - |
does nothing |
* suppress all redox reactions |
- LINEAR OR LOGARITHMIC TAYLOR'S SERIES -
* linear for kcol = 1,kdim, logarithmic for kcol = 1,kbt |
logarithmic for kcol = 1,kbt |
linear for kcol = 1,kdim |
- AZERO AND HYDRATION NUMBERS - |
* no change |
read in new azero and hydration numbers

|
- PRINT MEAN MOLAL ACTIVITY COEFFICIENTS FOR DISSOLVED SPECIES -

* does nothing |
print |
- PITZER DATABASE INFORMATION - |
* print only warnings
print species in model and number of Pitzer coefficients |
print species in model and names of Pitzer coefficients |
- PRINT DIAGNOSTIC MESSAGES - |
* don't print |
print level 1 messages |
print level 2 messages |
- PRINT PRE-NEWTON-RAPHSON OPTIMIZATION -
* don't print |
print summary information |
print detailed information |
- PRINT STEP SIZE AND ORDER - |
* don't print |
print scale factor |
print orders and step size scaling factors |
- CONTROL STEP SIZE AND ORDER PRINT -
* does nothing |
print step size and order when delzi .le. dlzmx1 |
- NEWTON ITERATIONS - |
* don't print |
print summary of newton iterations
print summary, residual functions and correction terms |
print summary, residual functions, correction terms and matrix |
- PRINT SEARCH ITERATIONS -
* don't print |
print |
- PRINT HPSAT ITERATIONS - |
* don't print |
print |
- PRINT FINITE DIFFERENCE AND DERIVATIVE DATA -
* don't print
print computations from RDERIV, and RTAYLR

|
print computations from RDERIV, RTAYLR, DERIV and TAYLOR
|

- PRINT KINETICS DIAGNOSTIC MESSAGES -
* don't print |
print level 1 diagnostics |
print level 1 and level 2 diagnostics |
- PRINT AKMATR - |
* don't print |
print level 1 diagnostics |

- 137 -



- KILL ITERATION VARIABLES - |
* does nothing |

allow selection of variables to remove |

development options (used for code development) |
|

|
0 check finite difference and Taylor series expression |
0 check reaction rate finite difference and Taylor series |

|

|
tolerances desired values - defaults info-only |

|

|
number of N-R iterations | | 40 itermx|
p.r.s. transfer interval | | varies dlzidp |
residual magnitude | | 1.0e-06 tolbt |
correction magnitude | | 1.0e-06 toldl |
search/find tolerance | | varies tolx |
supersaturation | | varies tolsat |
supersaturation set size | | varies tolsst |
max. size Taylor's series term | | 1.0e-04 screwl |
max. initial value betamx | | nfa  screw2 |
max. Taylor's series term (kin.)| | 1.0e-04 screw3 |
corrector iteration | | 1.0e-04 screw4 |
max. size of N-R correction term| | 40 screw5 |
step size (economy mode) | | 4.0 screw6 |
log mass of phases | | varies zklogu |
decrement mass (p.r.s.) | | 2.0 zklogl |
min. left after p.r.s. | | .98 zkfac |
initial step size | | varies dlzmx1 |
upper limit step size | | varies dlzmx2 |
maximum order | | 6 nordim |
num. attempted assemblages | | 25  ntrymx |
slide -> over phase bound. | | 8 npsimx |
slide -> over redox insta. | | 3 nssimx |

fo2 scan control | | none ioscan |

|
|
¢ pickup file written by eq3nr.3245R124 |
¢ supported by eqlib.3245R153 |
EQ3NR input file name= ph4hcl.3i |
Description="A pH 4 HCI solution, with traces of K, Al, and Si"
Version number= 3245 Stage number= 01
Created 06/08/90 Creator= T.J. Wolery |
Revised 06/08/90 Revisor= T.J. Wolery |

Dilute HCI solution, pH 4.00, with traces of potassium, aluminum, |
and silica. This problem is part of test problem 3 of INTERA |
(1983), who report a comparison study of EQ3/6 with PHREEQE |
(Parkhurst, Thorstenson, and Plummer, 1980). Note that quartz, |
chalcedony, and tridymite are suppressed by means of "nxmod" |
options. This has no effect on the EQ3NR calculation. It is simply |
needed for the subsequent EQ6 problem. EQ3NR passes this on to |
EQ6 on the pickup file. |

|
Purpose: to provide a pickup file for construction of the EQ6 test |
cases microhcl.6i and microhclft.6i. It also tests the "nxmod"
suppress option.

This problem is actually redox-indifferent. The auxiliary basis |
species 02(aq) and H2(aq) have therefore been suppressed. The EQ6 |
option switch ioptl1 should be set to 1. |

|

References |

|
INTERA Environmental Consultants, Inc., 1983, Geochemical Models |
Suitable for Performance Assessment of Nuclear Waste Storage: |
Comparison of PHREEQE and EQ3/EQ6: Office of Nuclear Waste |
Isolation, Battelle Project Management Division, Columbus, Ohio, |
ONWI-473, 114 p.

|
Parkhurst, D. L., Thorstenson, D. C., and Plummer, L. N., 1980, |
PHREEQE- A Computer Program for Geochemical Calculations: Water |
Resources Investigations Report 80-96, U.S. Geological Survey, |
Reston, Virginia, 210 p.
|

temperature (C) | 25.000 | |

electrical imbalance | 2.7105054312137¢0E-20 |
number of aqueous master species | 7 : |
position of last pure mineral | 7 : |

position of last solid solution | 7 I|

|

suppressed species  (suppress,replace,augmentk,augmentg) value |
|

|

quartz | mineral | suppress | 0. |
chalcedony | mineral | suppress | 0. |
tridymite | mineral | suppress | 0. |

|

|
iopg options |

- pH SCALE CONVENTION -
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* modified NBS |
internal |
rational |

- ACTIVITY COEFFICIENT OPTIONS -

* use B-dot equation |
Davies' equation |
Pitzer's equations |

elements, moles and moles aqueous |

|
|
o | 5.550843506189640E+01| 0.000000000000000E+00|

al | 1.000000000000050E-12] 0.000000000000000E+00|
cl | 1.011629092593050E-04| 0.000000000000000E+00|
h | 1.110169712866940E+02| 0.000000000000000E+00|
k | 9.999999999999990E-13| 0.000000000000000E+00|

si | 1.000000000000000E-12| 0.000000000000000E+00|
|

I
master species and logarithmic basis variables |
|

I
h2o |h20 | 1.744358983526980E+00|
al+++ |al+++ | -1.204113467563200E+01|
cl- |cl- | -3.994987866887320E+00|
h+ |h+ | -3.994987444366860E+00|
k+ |k+ | -1.200000137411350E+01|
sio2(aq) |sio2(aq) | -1.200000049015450E+01|
02(g) |02(g) | -7.000000000000000E-01]

|

I
physically removed subsystem (solid solution, mineral, moles) |
|

I
none | | |

The EQ6input file (microhclft.60), microcline dissolution in pH 4 HCI, fluid-centered flow-
through open system (partial reproduction)

(Material deleted)

stepping to zi= 1.0346E-04, delzi= 2.0071E-07, nord= 6
steps completed = 99, iter = 3, ncorr =0
most rapidly changing is zvclgl(al+++ )= -16.9470

stepping to zi= 1.0367E-04, delzi= 2.1639E-07, nord= 6
steps completed = 100, iter = 2, ncorr =0
most rapidly changing is zvclgl(al+++ )= -17.0598

stepping to zi= 1.0378E-04, delzi= 1.0953E-07, nord= 6
steps completed = 101, iter = 2, ncorr =0
most rapidly changing is zvclgl(al+++ )= -17.1138

stepping to zi= 1.0380E-04, delzi= 1.8408E-08, nord= 6
iter =

2 supersaturated pure minerals

0 supersaturated solid solutions

the most supersaturated phases  affinity, kcal

1 21 maximum microcline  0.00069027
2 16 k-feldspar 0.00069027

attempted species assemblage no. 2

1 h2o0

3 al+++

14 cl-

h+

35 k+

60 sio2(aq)

21 maximum microcline
22 muscovite

OCoOOUTAhWNE
N
[«2)

steps completed = 102, iter = 17, ncorr =0

reaction progress = 1.03802104305174E-04
log of reaction progress =  -3.9837938
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temperature = 25.000 degrees c
total pressure = 1.013 bars
computing units remaining= 0.000

change in the product phase assemblage

--- reactant summary ---

reactant moles deltamoles grams delta grams

maximum microcline 9.9990E-01 1.0380E-04 2.7830E+02 2.8891E-02

current total mass = 2.78303E+02 grams
delta total mass = 2.88914E-02 grams
delta total volume = 0.01129 cc

reactant affinity rel. rate
kcal/mol  mol/mol

maximum microcline 0.0000 0.0000E+00

affinity of the overall irreversible reaction= 0.000 kcal
contributions from irreversible reactions
with no thermodynamic data are not included

--- element totals for the aqueous phase ---
element mg/kg soln. molal conc. moles

[¢] 8.880901E+05 5.550888E+01 5.550882E+01
al 1.315509E-04 4.875691E-09 4.875686E-09
cl 3.586427E+00 1.011630E-04 1.011629E-04
h 1.118960E+05 1.110169E+02 1.110168E+02
k 4.031780E+00 1.031212E-04 1.031211E-04
si 6.272759E+00 2.233498E-04 2.233496E-04

c03-- 0.000000E+00 0.000000E+00
S04-- 0.000000E+00 0.000000E+00
S-- 0.000000E+00 0.000000E+00

warning-- co3--, so4--, and s-- totals require that routine compl
have the names of non-carbonate carbon, sulfide sulfur,
and non-sulfate sulfur aqueous species

single ion activities and activity coefficients are here defined
with respect to the modified nbs ph scale

ph

modified nbs ph scale 7.7472
rational ph scale 7.7421

phcl=  11.7473

redox parameters are not defined

activity of water = 0.99999
log activity of water = 0.00000

ionic strength = 1.031390E-04 molal
sum of molalities = 0.0004282284953
osmotic coefficient= 0.99812

mass of solution = 1.000020 kg
mass of solutes = 0.000021 kg
conc of solutes = 0.002107 per cent (w/w)

moles of solvent h2o0 = 5.55084E+01
mass of solvent h2o = 9.99999E-01 kg

species moles grams conc logconc logg
h2o 5.55084E+01 9.99999E+02 9.99992E-01 0.00000
sio2(aq) 2.21950E-04 1.33357E-02 2.21950E-04 -3.65374
k+ 1.03121E-04 4.03185E-03 1.03121E-04 -3.98665
cl- 1.01163E-04 3.58649E-03 1.01163E-04 -3.99498
hsio3- 1.39974E-06 1.07908E-04 1.39974E-06 -5.85395

log act

0.00000
0.00000
-0.00516
-0.00512
-0.00510
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oh- 5.71754E-07 9.72402E-06 5.71755E-07 -6.24279 -0.00512 -6.24791

h+ 1.81076E-08 1.82514E-08 1.81077E-08 -7.74214 -0.00506 -7.74720
al(oh)4- 4.79114E-09 4.55211E-07 4.79115E-09 -8.31956 -0.00510 -8.32466
kel(aq) 3.26205E-10 2.43189E-08 3.26205E-10 -9.48651 0.00000 -9.48651

--- summary of instantaneously precipitated solid phases ---
(defined by derivatives)

phase/end-member dmol/dzi dgrams/dzi dvol (cc)/d zi
maximum microcline  3.33000E-01 9.26845E+01 3.62108E+01
muscovite 9.94707E-01 3.96200E+02 1.39965E+02

--- summary of solid phases (e.s.+p.r.s.) ---
phase/end-member log moles moles grams volume, cc
gibbsite -4.8027113 1.57503E-05 1.22858E-03 5.03316E-04
kaolinite -4.3664619 4.30069E-05 1.11027E-02 4.28005E-03

maximum microcline -8.3098522 4.89945E-09 1.36367E-06 5.32772E-07
muscovite -6.1700012 6.76081E-07 2.69289E-04 9.51314E-05

--- grand summary of solid phases (e.s.+p.r.s.+reactants) ---

phase/end-member log moles moles grams volume, cc
gibbsite -4.8027113 1.57503E-05 1.22858E-03 5.03316E-04
kaolinite -4.3664619 4.30069E-05 1.11027E-02 4.28005E-03
maximum microcline -0.0000451 9.99896E-01 2.78303E+02 1.08730E+02
muscovite -6.1700012 6.76081E-07 2.69289E-04 9.51314E-05
mass, grams volume, cc

created 1.260191E-02 4.879027E-03
destroyed 2.889140E-02 1.128754E-02
net -1.628949E-02  -6.408518E-03

warning-- these volume totals may be incomplete because
of missing partial molar volume data in the data base

--- mineral saturation state summary ---

mineral affinity, kcal state mineral affinity, kcal state
al 830.0653 ssatd andalusite -7.8271
beidellite-h -2.5848 beidellite-k -1.8154
boehmite -3.2136 chalcedony 0.1014 ssatd
coesite -0.6336 corundum -9.4156
cristobalite -0.2796 cristobalite-a -0.2796
cristobalite-b -0.8847 diaspore -2.0615
gibbsite -0.9832 ice -0.1890

k 249.9969 ssatd k-feldspar 0.0000
kalsilite -5.2750 kaolinite -0.3499

kyanite -7.4581 maximum microcline  0.0000 satd
muscovite 0.0000 satd pyrophyllite -1.6284
quartz 0.4714 ssatd sanidine high -1.6361

si 1158.7402 ssatd sillimanite -8.3232
sio2(am) -1.2826 tridymite 0.2375 ssatd

--- all rates are zero ---
--- each reactant is saturated or exhausted ---
--- the reaction path has terminated normally ---
102 steps were taken
zi increased from
0.00000E+00 to 1.03802E-04

the average value of delzi was 1.01767E-06
the average matrix dimension was 8

start time =16:11  13Dec91
end time =16:12 13Dec91

user time = 53.380
cputime=  1.080
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--- no further input found ---

The EQ6tab file (microhclft.6t), microcline dissolution in pH 4 HCI, fluid-centered flow-

through open system (partial reproduction)

(Material deleted)

zi logzi time,d logdays tempc press ph logfo2 eh pe kgh2o totaff

0.000E+00-999.0000 0.000E+00-999.0000 25.0000 1.0132 4.0000 -999.0000 -999.0000-999.0000 1.0000 58.6114
1.000E-09 -9.0000 0.000E+00-999.0000 25.0000 1.0132 4.0000-999.0000 -999.0000 -999.0000 1.0000 36.1925
1.000E-08 -8.00000.000E+00-999.0000 25.0000 1.0132 4.0002 -999.0000 -999.0000 -999.0000 1.0000 29.3719
1.000E-07 -7.00000.000E+00-999.0000 25.0000 1.0132 4.0017 -999.0000 -999.0000 -999.0000 1.0000 22.5426
1.000E-06 -6.00000.000E+00-999.0000 25.0000 1.0132 4.0171-999.0000 -999.0000 -999.0000 1.0000 15.6398
4.458E-06 -5.3509 0.000E+00-999.0000 25.0000 1.0132 4.0817-999.0000 -999.0000-999.0000 1.0000 10.8724
1.000E-05 -5.0000 0.000E+00-999.0000 25.0000 1.0132 4.1022-999.0000 -999.0000 -999.0000 1.0000 8.9296
1.893E-05 -4.72300.000E+00-999.0000 25.0000 1.0132 4.1389-999.0000 -999.0000 -999.0000 1.0000 7.3690
1.914E-05 -4.7180 0.000E+00-999.0000 25.0000 1.0132 4.1396 -999.0000 -999.0000 -999.0000 1.0000 7.3547
1.000E-04 -4.0000 0.000E+00-999.0000 25.0000 1.0132 5.9287 -999.0000 -999.0000 -999.0000 1.0000 2.3578
1.019E-04 -3.9917 0.000E+00-999.0000 25.0000 1.0132 7.3674-999.0000 -999.0000 -999.0000 1.0000 0.3655
1.021E-04 -3.9912 0.000E+00-999.0000 25.0000 1.0132 7.3782-999.0000 -999.0000 -999.0000 1.0000 0.3545
1.038E-04 -3.9838 0.000E+00-999.0000 25.0000 1.0132 7.7472-999.0000 -999.0000 -999.0000 1.0000 0.0000

(Material deleted)

log molality of dissolved elements
log zi time,d log days al cl k si

-999.0000 0.000E+00 -999.0000 -12.0000 -3.9950 -12.0000 -12.0000
-9.0000 0.000E+00 -999.0000 -8.9996 -3.9950 -8.9996 -8.5227
-8.0000 0.000E+00 -999.0000 -8.0000 -3.9950 -8.0000 -7.5229
-7.0000 0.000E+00 -999.0000 -7.0000 -3.9950 -7.0000 -6.5229
-6.0000 0.000E+00 -999.0000 -6.0000 -3.9950 -6.0000 -5.5229
-5.3509 0.000E+00 -999.0000 -5.3513 -3.9950 -5.3509 -4.8738
-5.0000 0.000E+00 -999.0000 -5.4107 -3.9950 -5.0000 -4.5229
-4.7230 0.000E+00 -999.0000 -5.5163 -3.9950 -4.7230 -4.2462
-4.7180 0.000E+00 -999.0000 -5.5208 -3.9950 -4.7180 -4.2437
-4.0000 0.000E+00 -999.0000 -9.4006 -3.9950 -4.0000 -3.6660
-3.9917 0.000E+00 -999.0000 -8.5469 -3.9950 -3.9917 -3.6583
-3.9912 0.000E+00 -999.0000 -8.5407 -3.9950 -3.9916 -3.6578
-3.9838 0.000E+00 -999.0000 -8.3120 -3.9950 -3.9867 -3.6510

ppm (mg/kg) of dissolved elements
log zi time,d log days al cl k si

-999.0000 0.000E+00 -999.0000 .270E-07 3.59  .391E-07 .281E-07
-9.0000 0.000E+00 -999.0000 .270E-04 3.59  .391E-04 .843E-04
-8.0000 0.000E+00 -999.0000 .270E-03 3.59  .391E-03 .843E-03
-7.0000 0.000E+00 -999.0000 .270E-02 3.59  .391E-02 .843E-02
-6.0000 0.000E+00 -999.0000 .270E-01 3.59  .391E-01 .843E-01
-5.3509 0.000E+00 -999.0000 .120 3.59 .174 376
-5.0000 0.000E+00 -999.0000 .105 3.59 .391  .843
-4.7230 0.000E+00 -999.0000 .822E-01 3.59 .740 1.59
-4.7180 0.000E+00 -999.0000 .813E-01 3.59 .748 1.60
-4.0000 0.000E+00 -999.0000 .107E-04 3.59 3.91 6.06
-3.9917 0.000E+00 -999.0000 .766E-04 3.59 3.99 6.17
-3.9912 0.000E+00 -999.0000 .777E-04 3.59 3.99 6.17
-3.9838 0.000E+00 -999.0000 .132E-03 3.59 4.03  6.27

(Material deleted)
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log of moles of product minerals (cumulative)

log zi time, d log days gibbsite

-5.3509 0.000E+00 -999.0000 -8.3882
-5.0000 0.000E+00 -999.0000 -5.2136

log zi time, d log days gibbsite kaolinit
e
-4.7230 0.000E+00 -999.0000 -4.8003 -7.6833

log zi time, d log days kaolinit
e

-4.7180 0.000E+00 -999.0000 -6.7236
-4.0000 0.000E+00 -999.0000 -4.3755

log zi time, d Iogedays Igaolinit muscovit
-3.9917 0.000E+00 -999.0000 -4.3656 -8.9970
log zi time, d Iogedays muscovit

-3.9912 0.000E+00 -999.0000 -7.0179

log zi time, d log days maximum muscovit
microcli e
ne

-3.9838 0.000E+00 -999.0000 -8.3099 -6.1700

log of destroyed moles of reactants

log zi time, d log days maximum
microcli
ne

-999.0000 0.000E+00 -999.0000 -999.0000
-9.0000 0.000E+00 -999.0000 -9.0000
-8.0000 0.000E+00 -999.0000 -8.0000
-7.0000 0.000E+00 -999.0000 -7.0000
-6.0000 0.000E+00 -999.0000 -6.0000
-5.3509 0.000E+00 -999.0000 -5.3509
-5.0000 0.000E+00 -999.0000 -5.0000
-4.7230 0.000E+00 -999.0000 -4.7230
-4.7180 0.000E+00 -999.0000 -4.7180
-4.0000 0.000E+00 -999.0000 -4.0000
-3.9917 0.000E+00 -999.0000 -3.9917
-3.9912 0.000E+00 -999.0000 -3.9912
-3.9838 0.000E+00 -999.0000 -3.9838

(Material deleted)

affinities of irreversible reactions
log zi time, d log days maximum

microcli
ne
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-999.0000 0.000E+00 -999.0000 58.6114
-9.0000 0.000E+00 -999.0000 36.1925
-8.0000 0.000E+00 -999.0000 29.3719
-7.0000 0.000E+00 -999.0000 22.5426
-6.0000 0.000E+00 -999.0000 15.6398
-5.3509 0.000E+00 -999.0000 10.8724
-5.0000 0.000E+00 -999.0000 8.9296
-4.7230 0.000E+00 -999.0000 7.3690
-4.7180 0.000E+00 -999.0000 7.3547
-4.0000 0.000E+00 -999.0000 2.3578
-3.9917 0.000E+00 -999.0000 0.3655
-3.9912 0.000E+00 -999.0000 0.3545
-3.9838 0.000E+00 -999.0000 0.0000

6.6. Pitzer's Equations: Gypsum Solubility in NaCl Solutions.

This example involves computing the solubility of gyps@a$Q,.2H,0) in the systenCaSQ-
NaClH,0 as a function of theaCl concentration. Because the ionic strength exceeds the range

in which a simple extended Debye-Hickel model can be successfully applied, Pitzer’s (1973,
1975, 1979, 1987) equations are employed in conjunction with the model of Harvie, Mgller, and
Weare (1984). This model is selected by seitipgl = 1 and théamw data file. This choice of
theiopglvariable is first made on the initializing EQ3NHput file caso4naclB.3i(see Appen-

dix F). This creates a model of a dilute solution containing a trace each of calcium sulfate and
sodium chloride. The choice @fpgl then carries through on the EQ3IgiRkup file.

This problem is completed in two successive EQ6 runs. The first, represented by theHEQ6

file gypsumB.6i involves adding an excess of gypsum to the solution This essentially gives the
solubility of gypsum at aNaClconcentration of zero. Thisput file is given below in both “W”

and “D” formats. The only output of interest is the bottom part of the correspquidiugp file,

which is incorporated into the other E@ut file, gypnacl.6i Thisinput file directs the addi-

tion of sodium chloride via dissolution of halitdgCl). The run terminates at the point of halite
saturation.

The results are plotted in Figure 14. Also shown in this figure are the experimental data of Mar-
shall and Slusher (1966) and Block and Waters (1968). This figure may be compared with Figure
4 of Harvie and Weare (1980), which presents a model solubility showing slightly better corre-
spondence with the same experimental data near the point of halite saturation. The model of Har-
vie, Mgller, and Weare (1984) is not identical to that of Harvie and Weare (1980), not generally
and not for this particular electrolyte system. The results of the present example are also illustrat-
ed below by parts of the correspondiag file, gypnacl.6t

Note that it is important to begin the second EQ6 calculation with an excess of gypsum present
in the system. This is because the solubility initially increases &&aiieconcentration increas-
es. It then passes through a maximum and decreases as shown in Figure 14.
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Figure 14. The solubility of gypsum in the syst€aSQ-NaClH,0 as a function of the molality dllaCl.
The experimental data reported by Marshall and Slusher (1966) and Block and Waters (1968) are shown
for comparison.

The EQG6input file (QypsumB.6), add gypsum to dilute NaCl solution (“W” format)

EQ6 input file name= gypsumB.6i

Description= "Gypsum sol'y, trace NaCl, anhydrite suppresssd"
Version number= 3245 Stage number= 01

Created 10/29/90 Creator= T.J. Wolery

Revised 10/29/90 Revisor= T.J. Wolery

Add gypsum (CaS0O4.2H20) to water containing traces of CaSO4 and
NaCl.

Purpose: to find the solubility of gypsum (CaS04.2H20) in the
system CaS04-H20, and to initialize the EQ®6 test case input files
gypnacl.6i (compute the solubility of gypsum in the system
CaS04-NaCl-H20, results to be compared with Figure 4 of Harvie and
Weare, 1980). Anhydrite is suppressed using an "nxmod" option on
the initializing EQ3NR input file, caso4naclIB.3i. This test case
uses Pitzer's equations to calculate the activity of water and
the activity coefficients of the aqueous solute species. The
Harvie- Moller-Weare (hmw) data file (after Harvie, Moller, and
Weare, 1984) should be employed.

The print option switch iopr9 is set to 1 to direct the code to
also include a table of mean ionic activity coefficients.

References

Harvie, C. E., Moller, N., and Weare, J. H., 1984, The prediction
of mineral solubilities in natural waters: The Na-K-Mg-Ca-H-CI-SO4-
OH-HCO3-C03-C02-H20 system to high ionic strengths at 25 C:
Geochimica et Cosmochimica Acta, v. 48, p. 723-751.

Harvie, C. E., and Weare, J. H., 1980, The prediction of mineral
solubilities in natural waters: the Na-K-Mg-Ca-CIl-SO4-H20 system
from zero to high ionic strengths at 25 C: Geochimica et
Cosmochimica Acta, v. 44, p. 981-987.

endit.
nmodil= 2 nmodI2= 0
tempcO= 2.50000E+01 jtemp= 0
tk1= 0.00000E+00 tk2= 0.00000E+00 tk3= 0.00000E+00
zistrt= 0.00000E+00  zimax= 0.10000E+00
tstrt= 0.00000E+00 timemx= 1.00000E+38
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kstpmx= 200 cplim= 0.00000E+00

dzprnt= 1.00000E+38 dzprlg= 1.00000E+38 ksppmx= 100
dzplot= 1.00000E+38 dzpllg= 1.00000E+38 ksplmx= 10000
ifile= 60

* 1 2 3 45 6 7 8 910
ioptl-10= 0 0 0 0 0 0 O O O O
11-20= 0 0 0 0 O O O O O O
jopr1-10= 0 0 0 0 0 0 O O 1 O
iopr11-20= 0 0 0 0 0 O O O O O
jodbl1-10= 0 0 0 0 0 O O O O O

11-20= 0 0 0 0 O 0 0 O O O
* nxopt = number of mineral subset-selection suppression options
* nxopex = number of exceptions
nxopt= 0
* nffg = number of gas species with fixed fugacities
nffg = 0
* nrct = number of reactants
nrct= 1

reactant= gypsum

jcode= 0 jreac= 0

morr= 0.10000E+00  modr= 0.00000E+00

nsk= 0 sk=0.00000E+00 fk=0.00000E+00
nrk= 1 nrpk= 0

rk1= 1.00000E+00 rk2= 0.00000E+00 rk3= 0.00000E+00

dizidp= 0.00000E+00
tolbt= 0.00000E+00  toldl= 0.00000E+00  tolx= 0.00000E+00
tolsat= 0.00000E+00 tolsst= 0.00000E+00

screwl= 0.00000E+00 screw2= 0.00000E+00 screw3= 0.00000E+00
screw4= 0.00000E+00 screw5= 0.00000E+00 screw6= 0.00000E+00

zklogu= 0.000 zklogl= 0.000 zkfac= 0.000
dlzmx1= 0.00000E+00 dlzmx2= 0.00000E+00 nordim= 0
itermx= 0 ntrymx= 0

npsimx= 0 nssimx= 0 ioscan= 0

*

* pickup file written by eq3nr.3245R124x

* supported by eqlib.3245R153

EQ3NR input file name= caso4naclB.3i

Description= "Trace CaSO4-NaCl solution, anhydrite suppressed"”
Version number= 3245 Stage number= 01

Created 10/29/90 Creator=T.J. Wolery

Revised 10/29/90 Revisor=T.J. Wolery

Nearly pure water, with traces of calcium sulfate and sodium
chloride.

Purpose: to initialize the EQ6 test case input file gypsumB.6i,
which in turn initializes the EQ6 test case input file gypnacl.6i.
This test case is identical to that in the EQ3NR test case input
file caso4nacl.3i, except that anhydrite is suppressed by an "nxmod"
option. This test case uses Pitzer's equations to calculate the
activity of water and the activity coefficients of the aqueous
solute species. The Harvie- Moller-Weare (hmw) data file (after
Harvie, Moller, and Weare, 1984) should be employed.

References

Harvie, C. E., Moller, N., and Weare, J. H., 1984, The prediction
of mineral solubilities in natural waters: The Na-K-Mg-Ca-H-CI-SO4-
OH-HCO03-C03-C02-H20 system to high ionic strengths at 25 C:
Geochimica et Cosmochimica Acta, v. 48, p. 723-751.

endit.

tempci= 0.25000E+02

nxmod= 1
species= anhydrite

type= 1 option= -1 xlkmod=0.00000E+00
iopgl= 1 iopg2= 0 iopg3= 0

iopg4= 0 iopg5= 0 iopg6= 0

iopg7= 0 iopg8= 0 iopg9= 0
iopgl0= 0

ket= 6 ksg= 7 kmt= 7

kxt= 7 kdim= 7 kprs= 0
(o] 0.555084351626101E+02
ca 0.999999999999996E-10
cl 0.999999999999996E-10
h 0.111016870324420E+03
na 0.999999999999996E-10
s 0.999999999999998E-10
electr 0.579158777685128E-19
h2o h2o 0.174435898352698E+01
cat+ ca+t+ -0.100000000000000E+02
cl- cl- -0.100000000000000E+02
h+ h+ -0.699818779726878E+01
na+ na+ -0.100000000000000E+02
S04-- so04-- -0.100000041451921E+02
02(g) 02(9) 0.000000000000000E+00
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The EQG6input file sumB.6), add

EQ6 input file name= gypsumB.6i

Description= "Gypsum sol'y, trace NaCl, anhydrite suppresssd"
VVersion number= 3245 Stage number= 01

Created 10/29/90 Creator=T.J. Wolery |
Revised 10/29/90 Revisor= T.J. Wolery |

|

Purpose: to find the solubility of gypsum (CaS04.2H20) in the
system CaS04-H20, and to initialize the EQ6 test case input files
gypnacl.6i (compute the solubility of gypsum in the system
Weare, 1980). Anhydrite is suppressed using an "nxmod" option on
the initializing EQ3NR input file, caso4naclB.3i. This test case |
uses Pitzer's equations to calculate the activity of water and |
the activity coefficients of the aqueous solute species. The
Weare, 1984) should be employed.

The print option switch iopr9 is set to 1 to direct the code to |
also include a table of mean ionic activity coefficients. |

References |
|
Harvie, C. E., Moller, N., and Weare, J. H., 1984, The prediction

OH-HCO3-C03-C02-H20 system to high ionic strengths at 25 C:
Geochimica et Cosmochimica Acta, v. 48, p. 723-751. |

|
Harvie, C. E., and Weare, J. H., 1980, The prediction of mineral

from zero to high ionic strengths at 25 C: Geochimica et |
Cosmochimica Acta, v. 44, p. 981-987.

I
calculational mode |*normal | economy | super economy|
|
. . I
model type | titration |*closed | open |
|
. .. |
temperature model |[*power | fluid mixing |

c power model --> temp = tstart + tk1*zi + tk2*zi**2 + tk3*zi**3 |
¢ mixing model --> temp = (tstart * tk1 + zi*tk2) / (zi + tk1) |
|
I
0. |
|
starting value of zi| 0. |max. value of zi |0.10000 |
|

C
tstart(c)] 25.00 |tk1] 0. |tk2| O. |tk3]

starting time (sec) | 0. |max.time (sec) | 1.0(|)000E+38 |
|

max. steps | 200 |max. steps w/o print| I 100 |
|

linear print interval| 1.00000E+38|log print interval | I1.00000E+38 |
|

. I
suppress mineral phases |

|

I
phases w/ elements| | In
phases except | |

I
none | | In
|
I

c RATE
c 1 =relative

LAWS
rate = rk1 + rk2*zi + (1/2)rk3*zi*zi

Harvie- Moller-Weare (hmw) data file (after Harvie, Moller, and |

of mineral solubilities in natural waters: The Na-K-Mg-Ca-H-CI-SO4- |

solubilities in natural waters: the Na-K-Mg-Ca-Cl-SO4-H20 system

sum to dilute NaCl solution (“D” format)

Add gypsum (CaS0O4.2H20) to water containing traces of CaSO4 and |
NaCl. |

CaS04-NaCl-H20, results to be compared with Figure 4 of Harvie and |

fixed fugacity phases- species, moles(per kg h20), Iolg fugacity(bars)|
|

¢ 2 = transition state theory rate = CHECK DOCUMENTATIONc 3 = specified rate

¢ 4 = activity term rate rate = CHECK DOCUMENTATION

c REACTANT TYPES

c mineral solid solution special aqueous gas
c

c SURFACE TYPE

c 0 = fixed surface area 1 = fixed specific surface area
c

c NOTES
¢ status and jreac are normally not set by the user
|

I
reactants (ss) solid solution only  (sp) special reactant only |
|

REACTANT | gypsum '

|status | O |
moles remaining | 0.10000 |destroyed| 0. |
k 0 |

reactant type | mineral sl .

surface type | O |tk | 1.0000 |
end-member | |mole fr | |ss,n
volume | |sp
element |moles | |sp,n

|
DISSOLUTION LAW | 1
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rate constant rk1| 1.0000 |csigmal | |
rate constant rk2| 0. |csigma2 | |
rate constant rk3| 0. |csigma3 | |
PRECIPITATION LAW| 0 | | |

options |

- SOLID SOLUTIONS - |
* ignore solid solutions |
process solid solutions |
- LOADING OF SPECIES INTO MEMORY - |
* don't print |
lists species loaded into memory |
- LIST DERIVATIVES OF BASIS ELEMENTS AT EACH PRINT POINT - |
* don't print |
print |
- LIST ALL SPECIES LOADED INTO MEMORY AND THEIR LOG K VALUES - |
* don't print |

print |
- LIST DISTRIBUTION OF AQUEOUS SPECIES AT EACH PRINT POINT - |
* only species > 10**-12 molal |
all species |
don't print |
- LIST CATION/H+ ACTIVITY RATIOS AT EACH PRINT POINT - |
* don't print |
print |
- LIST BULK ELEMENT AND OXIDE COMPOSITION AT EACH PRINT POINT - |
* don't print |
print |
- MINERAL SATURATION STATES - |
* print if affinity > -10 kcals |
print all |
don't print |
- LIST GAS SPECIES SUMMARY AT EACH PRINT POINT - |
* don't print |
print |
- PRINT AQUEOUS MASS AND CONCENTRATION TOTALS - |
* don't print |
print |
- TAB FILES - |
* write |
append to previous tabx file |
don't write |
- WRITE PICKUP FILE - |
* write pickup file at end of run |
don't write pickup file |
write pickup file for each print point |
- PHYSICALLY REMOVED SUBSYSTEM - |
* does nothing |
transfer minerals but leave trivial mass in the system |
transfer minerals |
- CLEAR INITIAL PHYSICALLY REMOVED SUBSYSTEM -
* does nothing |
clear p.r.s. before first reaction progress advance |
- PHASE BOUNDARY SEARCH - |
* step size constrained by predicted phase boundaries
phase boundaries estimated from Taylor's series and printed |
locations of phase boundaries ignored
- AUTO BASIS SWITCHING - |
* off |

on |
- SUPPRESS REDOX REACTIONS - |
* does nothing |
suppress all redox reactions |
- LINEAR OR LOGARITHMIC TAYLOR'S SERIES - |
* linear for kcol = 1,kdim, logarithmic for kcol = 1,kbt |
logarithmic for kcol = 1,kbt |
linear for kcol = 1,kdim |
- AZERO AND HYDRATION NUMBERS - |
* no change |
read in new azero and hydration numbers |
- PRINT MEAN MOLAL ACTIVITY COEFFICIENTS FOR DISSOLVED SPECIES - |
does nothing |
* print |
- PITZER DATABASE INFORMATION - |
* print only warnings
print species in model and number of Pitzer coefficients |
print species in model and names of Pitzer coefficients |
- PRINT DIAGNOSTIC MESSAGES - |
* don't print |
print level 1 messages |
print level 2 messages |
- PRINT PRE-NEWTON-RAPHSON OPTIMIZATION -
* don't print |
print summary information |
print detailed information |
- PRINT STEP SIZE AND ORDER - |
* don't print |
print scale factor |
print orders and step size scaling factors |
- CONTROL STEP SIZE AND ORDER PRINT -
* does nothing |
print step size and order when delzi .le. dlzmx1 |
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- NEWTON ITERATIONS - |
* don't print |
print summary of newton iterations |
print summary, residual functions and correction terms |
print summary, residual functions, correction terms and matrix |
- PRINT SEARCH ITERATIONS -
* don't print |
print |
- PRINT HPSAT ITERATIONS - |
* don't print |
print |
- PRINT FINITE DIFFERENCE AND DERIVATIVE DATA - |
* don't print |
print computations from RDERIV, and RTAYLR |
print computations from RDERIV, RTAYLR, DERIV and TAYLOR |
- PRINT KINETICS DIAGNOSTIC MESSAGES - |
* don't print |
print level 1 diagnostics |
print level 1 and level 2 diagnostics |
- PRINT AKMATR - |
* don't print |
print level 1 diagnostics |
- KILL ITERATION VARIABLES - |
* does nothing |
allow selection of variables to remove |

development options (used for code development) |
|

I
0 check finite difference and Taylor series expression |
0 check reaction rate finite difference and Taylor series |
|

I

tolerances desired values - defaults info-only |

|

I
number of N-R iterations | | 40  itermx |
p.r.s. transfer interval | | varies dizidp |
residual magnitude | | 1.0e-06 tolbt |
correction magnitude | | 1.0e-06 toldl |
search/find tolerance | | varies tolx |
supersaturation | | varies tolsat |
supersaturation set size | | varies tolsst |
max. size Taylor's series term | | 1.0e-04 screwl |
max. initial value betamx | | nfla  screw2 |
max. Taylor's series term (kin.)| | 1.0e-04 screw3 |
corrector iteration | | 1.0e-04 screw4 |
max. size of N-R correction term| | 4.0 screw5 |
step size (economy mode) | | 40 screw6 |
log mass of phases | | varies zklogu |
decrement mass (p.r.s.) | | 20 zklogl |
min. left after p.r.s. | | .98 zkfac |
initial step size | | varies dizmx1 |
upper limit step size | | varies dlzmx2 |
maximum order | | 6 nordim |
num. attempted assemblages | | 25 ntrymx |
slide -> over phase bound. | | 8 npsimx |
slide -> over redox insta. | | 3 nssimx |

fo2 scan control | | none ioscan |
|

¢ pickup file written by eq3nr.3245R124 |

¢ supported by eqlib.3245R153 |

EQ3NR input file name= caso4naclB.3i |
Description= "Trace CaSO4-NaCl solution, anhydrite suppressed" |
Version number= 3245 Stage number= 01

Created 10/29/90 Creator=T.J. Wolery |

Revised 10/29/90 Revisor= T.J. Wolery |

[
Nearly pure water, with traces of calcium sulfate and sodium |
chloride. |

[

Purpose: to initialize the EQ6 test case input file gypsumB.6i, |
\which in turn initializes the EQ6 test case input file gypnacl.6i. |
This test case is identical to that in the EQ3NR test case input |
file caso4nacl.3i, except that anhydrite is suppressed by an "nxmod" |
option. This test case uses Pitzer's equations to calculate the |
activity of water and the activity coefficients of the aqueous
solute species. The Harvie- Moller-Weare (hmw) data file (after |
Harvie, Moller, and Weare, 1984) should be employed. |

|

References |

|
Harvie, C. E., Moller, N., and Weare, J. H., 1984, The prediction |
of mineral solubilities in natural waters: The Na-K-Mg-Ca-H-CI-SO4- |
OH-HCO3-C03-C02-H20 system to high ionic strengths at 25 C: |
Geochimica et Cosmochimica Acta, v. 48, p. 723-751. |
|

temperature (C) | 25.000 | |

electrical imbalance | 5.7915877768512%:30E-20 |
number of aqueous master species | 7 : |
position of last pure mineral | 7 I |
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position of last solid solution | 7 |
|

|
suppressed species  (suppress,replace,augmentk,augmentg) value |
|

anhydrite | mineral | suppress | 0. |

iopg options |

- pH SCALE CONVENTION -

* modified NBS |
internal |
rational |

- ACTIVITY COEFFICIENT OPTIONS -
use B-dot equation |
Davies' equation |
* Pitzer's equations |
|
|
elements, moles and moles aqueous |

|
|
o] | 5.550843516261010E+01| 0.000000000000000E+00|

ca | 9.999999999999960E-11| 0.000000000000000E+00|
cl | 9.999999999999960E-11| 0.000000000000000E+00]|

h | 1.110168703244200E+02| 0.000000000000000E+00|
na | 9.999999999999960E-11| 0.000000000000000E+00|

S | 9.999999999999980E-11|] 0.000000000000000E+00|
|

. . . . . |
master species and logarithmic basis variables |

|
|
h2o0 |h20 | 1.744358983526980E+00|

ca++ [cat++ | -1.000000000000000E+01]
cl- |cl- | -1.000000000000000E+01]
h+ |h+ | -6.998187797268780E+00)
na+ |na+ | -1.000000000000000E+01]
s04-- [s04-- | -1.000000414519210E+01]
02(g) [02(q) | 0.000000000000000E:+00]

|

physically removed subsystem (solid solution, mineral, moles) |
|

|

none | | |

The EQ6input file (gypnacl.6i), gypsum solubility in NaCl (*“W” format)

EQ6 input file name= gypnacl.6i

Description= "Gypsum solubility in the system CaSO4-NaCl-H20"
Version number= 3245 Stage number= 01

Created 10/29/90 Creator=T.J. Wolery

Revised 10/29/90 Revisor=T.J. Wolery

Add halite (NaCl) to gypsum-saturated water (containing a trace of
NaCl) to compute the solubility of gypsum in the system CaSO4-NaCl-H20.

Purpose: to allow comparison of the results with Figure 4 of Harvie
and Weare, 1980, p. 991). This test case is similar to those defined
in the EQ6 test case input files gypanhy.6i and gypanhyA.6i. Note
that in the present test case, precipitation of anhydrite is
suppressed by means of an "nxmod" option. This option was implemented
in the EQ3NR test case input file caso4naclB.3i and passed on to
the EQ6 test case input file gypsumB.6i, which initializes the present
input file. The activity coefficients of the aqueous species are
calculated from Pitzer's equations. The Harvie-Moller-Weare (hmw)
data file (after Harvie, Moller, and Weare, 1984) should be employed.

The print option switch iopt9 is set to 1 to direct the code to
include a table of mean ionic properties at each print point.

References

Harvie, C. E., Moller, N., and Weare, J. H., 1984, The prediction
of mineral solubilities in natural waters: The Na-K-Mg-Ca-H-CI-SO4-
OH-HCO03-C0O3-C0O2-H20 system to high ionic strengths at 25 C:
Geochimica et Cosmochimica Acta, v. 48, p. 723-751.

Harvie, C. E., and Weare, J. H., 1980, The prediction of mineral
solubilities in natural waters: the Na-K-Mg-Ca-Cl-SO4-H20 system
from zero to high ionic strengths at 25 C: Geochimica et
Cosmochimica Acta, v. 44, p. 981-987.

endit.
nmodll= 2 nmodi2= 0
tempcO= 2.50000E+01 jtemp= 0
tk1= 0.00000E+00 tk2=0.00000E+00 tk3= 0.00000E+00
zistrt= 0.00000E+00 zimax= 6.50000E+00
tstrt= 0.00000E+00 timemx= 1.00000E+38
kstpmx= 200 cplim= 0.00000E+00
dzprnt= 5.00000E-01 dzprlg= 1.00000E+38 ksppmx= 100
dzplot= 1.00000E+38 dzpllg= 1.00000E+38 ksplmx= 10000
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ifile= 60
1

2 3 45 6 7 8 910
ioptl-10= 0 0 0 0 0O O O O O O
11-20= 0 0 0 0 0 O O O O O
iopr1-10= 0 0 0 O 0 0 0 O 1 O
iopr11-20= 0 0 0 0 0 O O O O O
iodb1-10= 0 0 0 0 0 0 O O O O

11-20= 0 0 0 0O 0 O 0 O O O
* nxopt = number of mineral subset-selection suppression options
* nxopex = number of exceptions
nxopt= 0
* nffg = number of gas species with fixed fugacities
nffg= 0
* nrct = number of reactants
nrct= 1

reactant= halite

jcode= 0 jreac= 0

morr= 6.50000E+00 modr= 0.00000E+00

nsk= 0 sk= 0.00000E+00 fk=0.00000E+00
nrk= 1 nrpk= 0

p!
rk1= 1.00000E+00 rk2= 0.00000E+00 rk3= 0.00000E+00

dizidp= 0.00000E+00

tolbt= 0.00000E+00  toldl= 0.00000E+00  tolx= 0.00000E+00
tolsat= 0.00000E+00 tolsst= 0.00000E+00

screwl= 0.00000E+00 screw2= 0.00000E+00 screw3= 0.00000E+00
screw4= 0.00000E+00 screw5= 0.00000E+00 screw6= 0.00000E+00

zklogu= 0.000 zklogl= 0.000 zkfac= 0.000
dlzmx1= 0.00000E+00 dlzmx2= 0.00000E+00 nordim= 0
itermx= 0 ntrymx= 0

npsimx= 0 nssimx= 0 ioscan= 0

*

* pickup file written by eq6.3245R119x

* supported by eqlib.3245R153

EQ6 input file name= gypsumB.6i

Description= "Gypsum sol'y, trace NaCl, anhydrite suppresssd"
Version number= 3245 Stage number= 01

Created 10/29/90 Creator= T.J. Wolery

Revised 10/29/90 Revisor= T.J. Wolery

Add gypsum (CaS04.2H20) to water containing traces of CaSO4 and
NaCl.

Purpose: to find the solubility of gypsum (CaS04.2H20) in the
system CaS0O4-H20, and to initialize the EQ6 test case input file
gypnacl.6i (compute the solubility of gypsum in the system
CaS04-NaCl-H20, results to be compared with Figure 4 of Harvie and
Weare, 1980). Anhydrite is suppressed using an "nxmod" option on
the initializing EQ3NR input file, caso4naclB.3i. This test case
uses Pitzer's equations to calculate the activity of water and
the activity coefficients of the aqueous solute species. The
Harvie- Moller-Weare (hmw) data file (after Harvie, Moller, and
Weare, 1984) should be employed.

The print option switch iopr9 is set to 1 to direct the code to
also include a table of mean ionic activity coefficients.

References

Harvie, C. E., Moller, N., and Weare, J. H., 1984, The prediction
of mineral solubilities in natural waters: The Na-K-Mg-Ca-H-CI-SO4-
OH-HCO3-C03-C02-H20 system to high ionic strengths at 25 C:
Geochimica et Cosmochimica Acta, v. 48, p. 723-751.

Harvie, C. E., and Weare, J. H., 1980, The prediction of mineral
solubilities in natural waters: the Na-K-Mg-Ca-CIl-SO4-H20 system
from zero to high ionic strengths at 25 C: Geochimica et
Cosmochimica Acta, v. 44, p. 981-987.

endit.

tempci= 2.50000E+01

nxmod= 1
species= anhydrite

type= 1 option= -1 xlkmod=0.00000E+00
iopgl= 1 iopg2= 0 iopg3= 0

iopg4= 0 iopgs= 0 iopg6= 0

iopg7= 0 iopg8= 0 iopg9= 0

iopgl0= 0

ket= 6 ksq= 7 kmt= 8

kxt= 8 kdim= 8 kprs= 0
o] 5.610843516261009E+01 5.560001290305884E+01
ca 1.000000001000001E-01 1.526295684144937E-02
cl 9.999999999999960E-11 9.999999999999960E-11
h 1.114168703244200E+02 1.110779221513859E+02
na 9.999999999999960E-11 9.999999999999960E-11
s 1.000000001000001E-01 1.526295684145153E-02
electr 5.791587776851280E-20
h2o h2o 1.744597750257154E+00
ca++ cat++ -1.816361323816837E+00
cl- cl- -1.000000000000000E+01
h+ h+ -6.970286673167660E+00
na+ na+ -1.000000000000000E+01
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The EQ6input file

S04-- s04-- -1.816362726210342E+00
02(g) 02(g) -9.990000000000000E+02
gypsum -1.071926693968132E+00

nacl.6i

EQ6 input file name= gypnacl.6i

sum solubility in NaCl (“D” format)

|
Description= "Gypsum solubility in the system CaSO4-NaCl-H20"
|

Version number= 3245 Stage number= 01
Created 10/29/90 Creator= T.J. Wolery
Revised 10/29/90 Revisor= T.J. Wolery

Add halite (NaCl) to gypsum-saturated water (containing a trace of |
NacCl) to compute the solubility of gypsum in the system CaS0O4-NaCl-H20|

Purpose: to allow comparison of the results with Figure 4

of Harvie |

and Weare, 1980, p. 991). This test case is similar to those defined |

in the EQ6 test case input files gypanhy.6i and gypanhyA.6i. Note

that in the present test case, precipitation of anhydrite is

suppressed by means of an "nxmod" option. This option was implemented |

in the EQ3NR test case input file caso4naclB.3i and passe

d on to

the EQ6 test case input file gypsumB.6i, which initializes the present|
input file. The activity coefficients of the aqueous species are

calculated from Pitzer's equations. The Harvie-Moller-Wea
data file (after Harvie, Moller, and Weare, 1984) should be

|
The print option switch iopt9 is set to 1 to direct the code to

include a table of mean ionic properties at each print point.

|
|
Harvie, C. E., Moller, N., and Weare, J. H., 1984, The pred

References

of mineral solubilities in natural waters: The Na-K-Mg-Ca-

OH-HCO3-C03-C02-H20 system to high ionic strengths
Geochimica et Cosmochimica Acta, v. 48, p. 723-751.

|
Harvie, C. E., and Weare, J. H., 1980, The prediction of mi

solubilities in natural waters: the Na-K-Mg-Ca-CI-SO4-H20 system

from zero to high ionic strengths at 25 C: Geochimica et
Cosmochimica Acta, v. 44, p. 981-987.

calculational mode |*normal | economy

|
model type | titration |*closed | open |

|

|
temperature model |*power | fluid mixing

c
tstart(c)| 25.00

¢ power model --> temp = tstart + tk1*zi + tk2*zi**2 + tk3*zi**3
¢ mixing model --> temp = (tstart * tk1 + zi*tk2) / (zi + tk1)
|

k1] 0. [tk2| O. |k3] O

|
starting value of zi| 0. |max. value of zi | 6.5000
|

starting time (sec) | 0. |max. time (sec) |1.0(|)000E
|

max. steps

|
| 200 |max. steps w/o print| 100
|

re (hmw)
employed. |

iction |
H-CI-SO4- |

at 25 C: |
|

neral

|
| super economy|
|

|
+38 |

|
linear print interval| 0.50000 |log printinterval | 1.00000E+38 |
|

suppress mineral phases

phases w/ elements]|
phases except |

fixed fugacity phases- species, moles(per kg h20), Iolg fugacity(bars)|
|
|

none

In
|

C
C

RATE '

1 =relative

LAWS
rate = rk1 + rk2*zi + (1/2)rk3*zi*zi

¢ 2 = transition state theory rate = CHECK DOCUMENTATIONCc 3 = specified rate

C
C
C
C
C
C
C
C
C

4 = activity term rate

REACTANT TYPES

mineral  solid solution  special aqueous gas

SURFACE TYPE
0 = fixed surface area 1 = fixed specific surface area

NOTES

status and jreac are normally not set by the user
|

rate = CHECK DOCUMENTATION

|
| reactants (ss) solid solution only  (sp) special reactant only |
|
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REACTANT | halite |status | O |

moles remaining | 6.5000 |destroyed| 0. |
reactant type | mineral |sk | 0. |
surfacetype | O |tk | 1.0000 |
end-member | |mole fr | |ss,n
volume | | | |sp
element |moles | |sp,n
DISSOLUTION LAW | 1

rate constant rk1| 1.0000 |csigmal | |
rate constant rk2| 0. |csigma2 | |
rate constantrk3] 0 |csigma3 | |

PRECIPITATION LAW| 0 | | |

options |

- SOLID SOLUTIONS - |
* ignore solid solutions |
process solid solutions |
- LOADING OF SPECIES INTO MEMORY - |
* don't print |
lists species loaded into memory |
- LIST DERIVATIVES OF BASIS ELEMENTS AT EACH PRINT POINT - |
* don't print |
print |
- LIST ALL SPECIES LOADED INTO MEMORY AND THEIR LOG K VALUES - |
* don't print |
i |

print
- LIST DISTRIBUTION OF AQUEOUS SPECIES AT EACH PRINT POINT - |
* only species > 10**-12 molal |
all species |
don't print |
- LIST CATION/H+ ACTIVITY RATIOS AT EACH PRINT POINT - |
* don't print |
print |
- LIST BULK ELEMENT AND OXIDE COMPOSITION AT EACH PRINT POINT - |
* don't print |
print |
- MINERAL SATURATION STATES - |
* print if affinity > -10 kcals |
print all |
don't print |
- LIST GAS SPECIES SUMMARY AT EACH PRINT POINT - |
* don't print |
print |
- PRINT AQUEOUS MASS AND CONCENTRATION TOTALS - |
* don't print |
print |
- TAB FILES - |
* write |
append to previous tabx file |
don't write |
- WRITE PICKUP FILE - |
* write pickup file at end of run |
don't write pickup file |
write pickup file for each print point |
- PHYSICALLY REMOVED SUBSYSTEM - |
* does nothing |
transfer minerals but leave trivial mass in the system |
transfer minerals |
- CLEAR INITIAL PHYSICALLY REMOVED SUBSYSTEM -
* does nothing |
clear p.r.s. before first reaction progress advance |
- PHASE BOUNDARY SEARCH - |
* step size constrained by predicted phase boundaries
phase boundaries estimated from Taylor's series and printed |
locations of phase boundaries ignored
- AUTO BASIS SWITCHING - |
* off |

on |
- SUPPRESS REDOX REACTIONS - |
* does nothing |
suppress all redox reactions |
- LINEAR OR LOGARITHMIC TAYLOR'S SERIES - |
* linear for kcol = 1,kdim, logarithmic for kcol = 1,kbt |
logarithmic for kcol = 1,kbt |
linear for kcol = 1,kdim |
- AZERO AND HYDRATION NUMBERS - |
* no change |
read in new azero and hydration numbers |
- PRINT MEAN MOLAL ACTIVITY COEFFICIENTS FOR DISSOLVED SPECIES - |
does nothing |
* print |
- PITZER DATABASE INFORMATION - |
* print only warnings
print species in model and number of Pitzer coefficients |
print species in model and names of Pitzer coefficients |
- PRINT DIAGNOSTIC MESSAGES -
* don't print |
print level 1 messages |
print level 2 messages |
- PRINT PRE-NEWTON-RAPHSON OPTIMIZATION -
* don't print |
print summary information |
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print detailed information |
- PRINT STEP SIZE AND ORDER - |
* don't print |
print scale factor |
print orders and step size scaling factors |
- CONTROL STEP SIZE AND ORDER PRINT -
* does nothing |
print step size and order when delzi .le. dlzmx1 |
- NEWTON ITERATIONS - |
* don't print |
print summary of newton iterations |
print summary, residual functions and correction terms |
print summary, residual functions, correction terms and matrix |
- PRINT SEARCH ITERATIONS -
* don't print |
print |
- PRINT HPSAT ITERATIONS - |
* don't print |
print |
- PRINT FINITE DIFFERENCE AND DERIVATIVE DATA - |
* don't print |
print computations from RDERIV, and RTAYLR |
print computations from RDERIV, RTAYLR, DERIV and TAYLOR |
- PRINT KINETICS DIAGNOSTIC MESSAGES - |
* don't print |
print level 1 diagnostics |
print level 1 and level 2 diagnostics |
- PRINT AKMATR - |
* don't print |
print level 1 diagnostics |
- KILL ITERATION VARIABLES - |
* does nothing |
allow selection of variables to remove |

development options (used for code development) |
|

|
0 check finite difference and Taylor series expression |
0 check reaction rate finite difference and Taylor series |
|

|
tolerances desired values - defaults info-only |

|

|
number of N-R iterations | | 40 itermx |
p.r.s. transfer interval | | varies dizidp |
residual magnitude | | 1.0e-06 tolbt |
correction magnitude | | 1.0e-06 toldl |
search/find tolerance | | varies tolx |
supersaturation | varies tolsat |
supersaturation set size | | varies tolsst |
max. size Taylor's series term | | 1.0e-04 screwl |
max. initial value betamx | | nfa  screw2 |
max. Taylor's series term (kin.)| | 1.0e-04 screw3 |
corrector iteration | | 1.0e-04 screw4 |
max. size of N-R correction term| | 4.0 screw5 |
step size (economy mode) | | 4.0 screw6 |
log mass of phases | | varies zklogu |
decrement mass (p.r.s.) | | 2.0 zklogl |
min. left after p.r.s. | | .98 zkfac |
initial step size | | varies dlzmx1 |
upper limit step size | | varies dlzmx2 |
maximum order | | 6 nordim |
num. attempted assemblages | | 25  ntrymx |
slide -> over phase bound. | | 8 npsimx |
slide -> over redox insta. | | 3 nssimx |

fo2 scan control | | none ioscan |

|
|
¢ pickup file written by eq6.3245R119 |
¢ supported by eqlib.3245R153 |
EQ6 input file name= gypsumB.6i |
Description= "Gypsum sol'y, trace NaCl, anhydrite suppresssd"” |
Version number= 3245 Stage number= 01 |
Created 10/29/90 Creator= T.J. Wolery |
Revised 10/29/90 Revisor= T.J. Wolery |

Add gypsum (CaS04.2H20) to water containing traces of CaSO4 and |
NaCl. |

[

Purpose: to find the solubility of gypsum (CaS0O4.2H20) in the |
system CaS0O4-H20, and to initialize the EQ®6 test case input file |
gypnacl.6i (compute the solubility of gypsum in the system |
CaS04-NaCl-H20, results to be compared with Figure 4 of Harvie and |
Weare, 1980). Anhydrite is suppressed using an "nxmod" option on |
the initializing EQ3NR input file, caso4naclB.3i. This test case |
uses Pitzer's equations to calculate the activity of water and |
the activity coefficients of the aqueous solute species. The
Harvie- Moller-Weare (hmw) data file (after Harvie, Moller, and |
Weare, 1984) should be employed.

The print option switch iopr9 is set to 1 to direct the code to |
also include a table of mean ionic activity coefficients. |

References |

|
Harvie, C. E., Moller, N., and Weare, J. H., 1984, The prediction
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Cosmochimica Acta, v. 44, p. 981-987.
|

temperature (C) | 25.000

electrical imbalance

number of aqueous master species | 7
|
I
position of last pure mineral | 8
|
I
position of last solid solution | 8 |

anhydrite | mineral | suppress | 0.

iopg options |

- pH SCALE CONVENTION -

* modified NBS |
internal |
rational |

- ACTIVITY COEFFICIENT OPTIONS -
use B-dot equation |
Davies' equation |
* Pitzer's equations |

elements, moles and moles aqueous

ca |
c |

1.000000001000001E-01|
9.999999999999960E-11|

. . . . . |
master species and logarithmic basis variables

I
none | | |

The EQ6tab file (gypnacl.69, gypsum solubility in NaCl (partial reproduction)

of mineral solubilities in natural waters: The Na-K-Mg-Ca-H-CI-SO4- |
OH-HCO3-C0O3-C02-H20 system to high ionic strengths at 25 C: |
Geochimica et Cosmochimica Acta, v. 48, p. 723-751. |

Harvie, C. E., and Weare, J. H., 1980, The prediction of mineral |
solubilities in natural waters: the Na-K-Mg-Ca-CI-SO4-H20 system |
from zero to high ionic strengths at 25 C: Geochimica et |

|
|  5.791587776851280E-20 |
|

I
suppressed species  (suppress,replace,augmentk,augmentg) value |
|

|
o] | 5.610843516261009E+01| 5.56000i290305884E+01|
1.526295684144937E-02|
9.999999999999960E-11|

h | 1.114168703244200E+02| 1.110779221513859E+02|
na | 9.999999999999960E-11| 9.999999999999960E-11|

s | 1.000000001000001E-01| 1.526295684145153E-02]
|

|
I
| 1.744597750257154E+00|

h2o |h20

ca++ |ca++ | -1.816361323816837E+00|

cl- |cl- | -1.000000000000000E+01|

h+ |h+ | -6.970286673167660E+00|

na+ |na+ | -1.000000000000000E+01|

S04-- |so4-- | -1.816362726210342E+00|

02(g) |02(9) | -9.990000000000000E+02|
|gypsum | -1.071926693968132E+00|

|

I
physically removed subsystem (solid solution, mineral, moles) |
|

(Material deleted)

log zi time,d log days log alk log tot log tot log tot loga h2o

co3-- s04-- s--

-999.0000 0.000E+00 -999.0000 -999.0000 -999.0000 -1.8166 -999.0000

-0.3010 0.000E+00 -999.0000 -999.0000 -999.0000
0.0000 0.000E+00 -999.0000 -999.0000 -999.0000
0.1761 0.000E+00 -999.0000 -999.0000 -999.0000
0.3010 0.000E+00 -999.0000 -999.0000 -999.0000
0.3979 0.000E+00 -999.0000 -999.0000 -999.0000
0.4771 0.000E+00 -999.0000 -999.0000 -999.0000
0.5441 0.000E+00 -999.0000 -999.0000 -999.0000
0.6021 0.000E+00 -999.0000 -999.0000 -999.0000
0.6532 0.000E+00 -999.0000 -999.0000 -999.0000
0.6990 0.000E+00 -999.0000 -999.0000 -999.0000
0.7404 0.000E+00 -999.0000 -999.0000 -999.0000
0.7782 0.000E+00 -999.0000 -999.0000 -999.0000

-1.4505 -999.0000
-1.3464 -999.0000
-1.2914 -999.0000
-1.2610 -999.0000
-1.2462 -999.0000
-1.2422 -999.0000
-1.2465 -999.0000
-1.2571 -999.0000
-1.2728 -999.0000
-1.2926 -999.0000
-1.3159 -999.0000
-1.3420 -999.0000

-0.0002
-0.0075
-0.0151
-0.0230
-0.0314
-0.0404
-0.0499
-0.0601
-0.0708
-0.0823
-0.0944
-0.1072
-0.1207
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0.7845 0.000E+00 -999.0000 -999.0000 -999.0000 -1.3467 -999.0000 -0.1231

log molality of dissolved elements
log zi time,d logdays ca cl na s

-999.0000 0.000E+00 -999.0000 -1.8166 -10.0002 -10.0002 -1.8166
-0.3010 0.000E+00 -999.0000 -1.4505 -0.3016 -0.3016 -1.4505
0.0000 0.000E+00 -999.0000 -1.3464 -0.0007 -0.0007 -1.3464
0.1761 0.000E+00 -999.0000 -1.2914 0.1753 0.1753 -1.2914
0.3010 0.000E+00 -999.0000 -1.2610 0.3002 0.3002 -1.2610
0.3979 0.000E+00 -999.0000 -1.2462 0.3971 0.3971 -1.2462
0.4771 0.000E+00 -999.0000 -1.2422 0.4762 0.4762 -1.2422
0.5441 0.000E+00 -999.0000 -1.2465 0.5432 0.5432 -1.2465
0.6021 0.000E+00 -999.0000 -1.2571 0.6012 0.6012 -1.2571
0.6532 0.000E+00 -999.0000 -1.2728 0.6524 0.6524 -1.2728
0.6990 0.000E+00 -999.0000 -1.2926 0.6982 0.6982 -1.2926
0.7404 0.000E+00 -999.0000 -1.3159 0.7396 0.7396 -1.3159
0.7782 0.000E+00 -999.0000 -1.3420 0.7774 0.7774 -1.3420
0.7845 0.000E+00 -999.0000 -1.3467 0.7836 0.7836 -1.3467

ppm (mg/kg) of dissolved elements
log zi time,d logdays ca cl na s

-999.0000 0.000E+00 -999.0000 611.  .354E-05 .230E-05 489.
-0.3010 0.000E+00 -999.0000 .142E+04 .177E+05 .115E+05 .114E+04
0.0000 0.000E+00 -999.0000 .180E+04 .354E+05 .230E+05 .144E+04
0.1761 0.000E+00 -999.0000 .205E+04 .531E+05 .344E+05 .164E+04
0.3010 0.000E+00 -999.0000 .220E+04 .708E+05 .459E+05 .176E+04
0.3979 0.000E+00 -999.0000 .227E+04 .885E+05 .574E+05 .182E+04
0.4771 0.000E+00 -999.0000 .229E+04 .106E+06 .688E+05 .184E+04
0.5441 0.000E+00 -999.0000 .227E+04 .124E+06 .803E+05 .182E+04
0.6021 0.000E+00 -999.0000 .222E+04 .142E+06 .918E+05 .177E+04
0.6532 0.000E+00 -999.0000 .214E+04 .159E+06 .103E+06 .171E+04
0.6990 0.000E+00 -999.0000 .204E+04 .177E+06 .115E+06 .163E+04
0.7404 0.000E+00 -999.0000 .194E+04 .195E+06 .126E+06 .155E+04
0.7782 0.000E+00 -999.0000 .182E+04 .212E+06 .138E+06 .146E+04
0.7845 0.000E+00 -999.0000 .180E+04 .215E+06 .140E+06 .144E+04

(Material deleted)

affinities of irreversible reactions

log zi time, d log days halite

-999.0000 0.000E+00 -999.0000 29.6630
-0.3010 0.000E+00 -999.0000 3.4526
0.0000 0.000E+00 -999.0000 2.6635
0.1761 0.000E+00 -999.0000 2.1767
0.3010 0.000E+00 -999.0000 1.8101
0.3979 0.000E+00 -999.0000 1.5077
0.4771 0.000E+00 -999.0000 1.2446
0.5441 0.000E+00 -999.0000 1.0080
0.6021 0.000E+00 -999.0000 0.7903
0.6532 0.000E+00 -999.0000 0.5865
0.6990 0.000E+00 -999.0000 0.3933
0.7404 0.000E+00 -999.0000 0.2084
0.7782 0.000E+00 -999.0000 0.0301
0.7845 0.000E+00 -999.0000 0.0000

6.7. Alkalinity Titration: An Example.

Chapter 2 of the EQ3NR Theoretical Manual and User’s Guide (Wolery, 1992b) discussed the
problem of dealing with alkalinity as a constraint on dissolved bicarbonate. Version 7.0 of EQ3/6
does not allow alkalinity to be used as an input to EQ3NR. Instead, one must input the total dis-
solved bicarbonate (total dissolv€®, expressed as bicarbonate). If this quantity has not been

measured, it is possible to estimate it from the measured alkalinity and input this estimate to
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EQ3NR. It was suggested that such estimates be confirmed by simulation of the alkalinity titra-
tion.

The present example simulates the alkalinity titration of the water from the river water test case
of Nordstrom et al. (1979). It uses the B-dot equatiopgl = 0) to calculate the activity coef-
ficients of aqueous species and tloen data file. In this test case, the alkalinity is specified as

75.2 mg/LHCOj3'. This is equivalent to 61.7 mgLaCQG;, the more usual way of expressing
alkalinity (Standard Methods, 1976). As hid in this test case is 8.01, the contribution to alka-
linity from C032' andOH " should be negligibleCO, (5, Which contributes to totadlCOs™ but

not alkalinity, should also be essentially negligible. Therefore, theHG&kL™ should be nearly

equal to 75.2 mg/L. This value was used in the initializing EQBipRt file, rwpar.3i (see Ap-
pendix F).

The EQ6 input file for this exampleytitr.6i , was constructed using the 0. HNSO, required

for the titration (see Standard Methods, 1976) as a special reactant. Its composition was obtained
from thepickup file produced by the EQ3NRRput file h2so4p1N.3isee Appendix F). The rel-
evant lines from thatickup file in “W” format may be inserted into the appropriate location in
the EQ6input file used to simulate the titration. However, the floating point number fields are
not identical. The floating point numbers must be shifted 10 spaces to the left to line up correctly.
Thepickup file gives:
o] 0.557089536401029E+02
h 0.111116870126555E+03
(S: 0.105940546128471E-04

0.500000027435395E-01
lectr -0.274337735861607E-08

The electrical balance is not included in the definition of the special reactant composition. How-
ever, it is crucial that it be negligible, as it is in this case. The special reactant composition lines
are then given by:

o] 0.557089536401029E+02
h 0.111116870126555E+03
Cc
S

0.105940546128471E-04
0.500000027435395E-01

The titrating solution is then defined such that one “mole” is essentially equal to one liter of so-
lution. An increment of 0.001 in reaction progreathen corresponds to the addition of 1 ml
of titrating solution to 1 liter of sample solution.

Note that thenput file contains thexopt subset selection suppression optiah™ This is im-

portant because it suppresses the precipitation of all pure minerals. The precipitation of solid so-
lution minerals is suppressed by settiogt4 = 0. The titration is presumed to be made

sufficiently rapidly that no mineral precipitation occurs.

The output of interest is thEH change. This is plotted in Figure 15, using data taken from the
tab file rwiitr.6p . This tab file is reproduced below. The usual end point for the titration of a
water such as this H 4.8 (Standard Methods, 1976). Other choices are possible, particularly
pH 4.5 or thepH at the point of inflection (see Standard Methods, 1976; see also Section 2.3.5
of the EQ3NR Theoretical Manual and User’s Guide, Wolery, 1992b). The actual enpghboint
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used to define the reported alkalinity value in the present case is unknown. We will first assume
that the value used wasl 4.8. Linear interpolation between the two closest points gives the ad-
dition of 11.57 ml per liter of sample. Multiplying this number by 5 gives the alkalinity in mg/L
CaCQ; (Standard Methods, 1976). This gives an alkalinity of 57.9 r@g{CO;, or 70.5 mg/L

HCOgs'. This is somewhat less than the expected 61.7 @g@O; or 75.2 mg/LHCO3". The
difference is about 6.3%.

8.0

7.5 7
7.0 7
6.5 7

6.0
o 5

End point

$

50 |-

45 —

40 —

I R N B B L ‘
35
0000 0002 0004 0006 0008 0010 0012 0014 0.016

0.1 N H,SO,, ml/ml sample

Figure 15. The pH curve for the titration of the test case river water. The ordinate (ml 0.1N sulfuric acid
per ml sample) is equivalent&ghe reaction progress variable. The exact position of the end point depends
on which of several criteria is chosen. Here, the end point is taken to correspbhd.&

Note from theab file that the initialpH is 7.61. This is significantly lower than tpel of 8.01
specified on the initializing EQ3NRput file.What has happened is that some acid was created
in the initial EQ6 calculation because of the necessary redox equilibration. In particular, the spe-

ciesNy(ag) NH,", andNHgz(q) have been oxidized t8O53’, resulting in the creation of approxi-

mately 3.03 x 18 moles ofH*. This is the equivalent of adding about 0.30 ml of titrating
solution. Correcting for this gives an alkalinity of 59.4 mg/&CQO; or 72.4 mg/LHCO3™. The
remaining difference is now about 3.7%. We have not corrected for the fact that tiieldQs}
contributes to alkalinity, but the amount lost is sufficiently small that this can be ignored. Thus,
there is justification for a small upward correction to the assumed total disstB@gl. How-

ever, considering the likely uncertainty in the end point (the criterion used to define it plus the
likely measurement error), the present result is probably adequate. For example, an @hktl point
of 4.5 corresponds to 11.99 ml acid solution per liter of sample, and a corrected alkalinity of 61.4
mg/L CaCGQ;, very close to the expected value of 61.7.

-158 -



It would be better to simulate alkalinity titrations in a mode which does not allow redox equili-
bration. It may be possible to do this in a future version of EQ6 which incorporates the auxiliary
basis concept. Note that is not possible to solve this problem simply by setting the option switch
ioptll equal to 1. Doing so suppresses all redox reactions (and associated species). However, this
option does not necessarily preserve redox states. Rather, it forces the various chemical elements
to take the redox state in the corresponding strict basis species. Thus, in the present problem, the

specieNy(aqy NH4", andNHg,q) would still be oxidized tiéNO5".

The EQ6input file (rwtitr.6i ), Alkalinity titration of river water (“W” format)

EQ6 input file name= rwititr.6i

Description= "Alkalinity titration of river water"
Version number= 3245 Stage number= 02
Created 12/05/90 Creator= T.J. Wolery
Revised 07/22/92 Revisor= T.J. Wolery

Simulate a standard alkalinity titration of the water from the
the river water test case of Nordstrom et al. (1979, Table IlI).
This calculation is initialized by the EQ3NR input file rwpar.3i.
The model constraints on that file include all solute components
present above 0.05 mg/L, plus nitrite, sulfide, iron, and aluminum.
Other solutes are ignored (the full river water test case is in
the EQ3NR input file rwtst.3i). They are not significant with
regard to the alkalinity of this water.

The analytical data relevent to the carbonate system is given
in terms of alkalinity. Nordstrom et al. (1979) report the total
alkalinity as 75.2 mg/L HCO3-. This is equivalent to 61.7 mg/L
CaCOa3. The latter is the more standard way of reporting alkalinity
(Standard Methods, 1976). The total concentration of HCO3- has
been estimated from the total alkalinity and the pH. This is
simplified by the fact that for this water, the CO3 and OH
alkalinities are essentially zero, and the total alkalinity is
essentially equal to the HCO3 alkalinity (other sources of
alkalinity being negligible).

Purpose: to confirm that the estimated value of total HCO3- is
consistent with the reported alkalinity data. If it doesn't match,
the estimated value of total HCO3- should be adjusted and the
problem re-run until a match is obtained.

The temperature of the river water given by Nordstrom et al. (1979)
is 9.5 C. The alkalinity is presumed to be measured at room
temperature (25 C).

The 0.1 N H2S0O4 solution used in this titration simulation is
treated as a special reactant. Its gross composition was obtained
from EQ3NR using the input file h2so4p1n.3i. Each unit of reaction
progress corresponds to the addition of an amount of this fluid
containing 1 kg of solvent water. To a very good approximation,
0.001 unit of reaction progress corresponds to the addition of
1 ml of solution to 1 L of sample fluid. Multiplying the value
of reaction progress at the titration end point by 5,000 gives
the alkalinity in units of mg/L CaCO3.

The topic of alkalinity is unfortunately more complex than one
would intuitively think. It is very easy to misinterpret the data
reported as part of a chemical analysis. For more details, see the
section on alkalinity in Chapter 2 of the EQ3NR Theoretical
Manual and User's Guide (Wolery, 1992) and also the relevant
section of Standard Methods (1976).
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Livermore, California.

endit.
nmodll= 2 nmodi2= 0
tempcO= 25.0000E+00 jtemp= 0
tk1= 0.00000E+00 tk2=0.00000E+00 tk3= 0.00000E+00
zistrt= 0.00000E+00  zimax= 0.01500E+00
tstrt= 0.00000E+00 timemx= 1.00000E+38
kstpmx= 200 cplim= 0.00000E+00
dzprnt= 0.00100E+00 dzprlg= 1.00000E+38 ksppmx= 100
dzplot= 1.00000E+38 dzpllg= 1.00000E+38 ksplmx= 10000
ifile= 60

* 1 2 3 45 6 7 8 910
ioptl-10= 0 0 0 0 0 0 O O O O
11-20= 0 0 0 0 O O 0O O O O
jopr1-10= 0 0 0 0 0 0O O O O O
iopr11-20= 0 0 0 0 0 O O O O O
jodbl1-10= 0 0 0 0 0 O O O O O

11-20= 0 0 0 0 O 0 0 O O O
* nxopt = number of mineral subset-selection suppression options
* nxopex = number of exceptions

nxopt= 1

option= all

nxopex= 0
* nffg = number of gas species with fixed fugacities

nffg = 0
* nrct = number of reactants

nrct= 1

reactant= Aqueous H2S04, 0.1 N
jcode= 2 jreac= 0
morr= 1.00000E+00 modr= 0.00000E+00
vreac= 0.00000E+00

o 0.557089536401029E+02

h 0.111116870126555E+03

c 0.105940546128471E-04

s 0.500000027435395E-01

e

ndit.
nsk= 0 sk=0.00000E+00 fk="0.00000E+00
nrk= 1 nrpk= 0

rk1= 1.00000E+00 rk2= 0.00000E+00 rk3= 0.00000E+00

dizidp= 0.00000E+00

tolbt= 0.00000E+00 toldl= 0.00000E+00  tolx= 0.00000E+00
tolsat= 0.00000E+00 tolsst= 0.00000E+00

screwl= 0.00000E+00 screw2= 0.00000E+00 screw3= 0.00000E+00
screw4= 0.00000E+00 screw5= 0.00000E+00 screw6= 0.00000E+00

zklogu= 0.000 zklogl= 0.000 zkfac= 0.000
dlzmx1= 0.00000E+00 dlzmx2= 0.00000E+00 nordim= 0
itermx= 0 ntrymx= 0

npsimx= 0 nssimx= 0 ioscan= 0

*

* pickup file written by eq3nr.3245R124x

* supported by eqlib.3245R153

EQ3NR input file name= rwpar.3i

Description= "River water, partial benchmark test case"
Version number= 3245 Stage number= 01

Created 06/08/90 Creator=T.J. Wolery

Revised 06/08/90 Revisor=T.J. Wolery

River water, including all solute components present above 0.05
mg/L, plus nitrite, sulfide, iron, and aluminum. This is a
moderately pared-down version of rwtst.3i, which contains the full
benchmark river water test case of Nordstrom et al. (1979, Table
).

Purpose: to test the code on an intermediate-sized problem
involving a dilute solution, and to initialize the EQ6 test case
input file rwtitr.6i (which simulates an alkalinity titration of
this water). The activity coefficients of the aqueous species are
calculated from the B-dot equation and related equations.

Data for the following were originally specified as-
HCO3- : alkalinity = 75.2 mg/L HCO3- (total alkalinity,

not the conventional
HCO3 alkalinity)

Si02(aq) : Si =8.52 mg/L

H3BO3(aq): B =0.050 mg/L
HPO4- : PO4--- =0.210 mg/L
HS- : H2S(ag) =0.002 mg/L

The pH (8.01) lies well in between the pKa values of carbonic
acid (~6.3 and ~10.3), so equating the total molality of HCO3-
to the reported alkalinity is not likely to cause a problem.

This can be confirmed by simulating the alkalinity titration.
This is the purpose of the EQ6 test case represented by the
EQ6 input file rwtitr.6i.

The total alkalinity of 75.2 mg/L HCO3- noted above is equivalent

to 61.7 mg/L CaCOs3 (total alkalinity). This is the more standard
way of reporting alkalinity (see Standard Methods, 1976).
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endit.

tempci= 0.95000E+01

nxmod= 0

iopgl= 0 iopg2= 0 iopg3= 0

iopgd= 0 iopgs= 0 iopg6= 0

iopg7= 0 iopg8= 0 iopg9= 0
iopgl0= 0

kct= 16 ksg= 17 kmt= 17

kxt= 17 kdim= 17 kprs= 0
o 0.555137378775316E+02
al 0.185311883608708E-06
b 0.462487518804552E-05
ca 0.304406407505495E-03
cl 0.279245304306866E-03
f 0.526360114536012E-05
fe 0.281125217113012E-06
h 0.111018114419475E+03
c 0.123244058964448E-02
p 0.221120918333949E-05
k 0.358071834325281E-04
mg 0.308578481794013E-03
na 0.521971294188688E-03
n 0.228786361714373E-04
si 0.303357116584516E-03
s 0.802139111342829E-04
electr 0.132905378328183E-03
h2o h2o 0.174435898352698E+01
al+++ al+++ -0.147198424391901E+02
b(oh)3(aq) b(oh)3(aq) -0.535339687731229E+01
cat++ cat++ -0.352611022721331E+01
cl- cl- -0.355415234907870E+01
f- f- -0.528165377314223E+01
fe++ fe++ -0.679713629173489E+01
h+ h+ -0.798824636978119E+01
hco3- hco3- -0.292606308162218E+01
hpo4-- hpo4-- -0.578100664326632E+01
k+ k+ -0.444623394341814E+01
mg++ mg++ -0.352048712612034E+01
na+ na+ -0.328350877286759E+01
no3- no3- -0.243009865491499E+02
sio2(aq) sio2(aq) -0.352129777992280E+01
S04-- so04-- -0.412176543658063E+01
02(g) 02(g) -0.244417932765032E+02

The EQ6input file (rwtitr.6i ), Alkalinity titration of river water (“D” format)

EQ6 input file name= rwtitr.6i |
Description= "Alkalinity titration of river water" |
VVersion number= 3245 Stage number= 02 |
Created 12/05/90 Creator=T.J. Wolery |
Revised 07/22/92 Revisor= T.J. Wolery |

Simulate a standard alkalinity titration of the water from the |
the river water test case of Nordstrom et al. (1979, Table Ill). |
This calculation is initialized by the EQ3NR input file rwpar.3i. |
The model constraints on that file include all solute components |
present above 0.05 mg/L, plus nitrite, sulfide, iron, and aluminum. |
Other solutes are ignored (the full river water test case is in |
the EQ3NR input file rwtst.3i). They are not significant with |
regard to the alkalinity of this water. |

The analytical data relevent to the carbonate system is given |
in terms of alkalinity. Nordstrom et al. (1979) report the total |
alkalinity as 75.2 mg/L HCO3-. This is equivalent to 61.7 mg/L |
CaCO0a3. The latter is the more standard way of reporting alkalinity |
(Standard Methods, 1976). The total concentration of HCO3- has |
been estimated from the total alkalinity and the pH. This is |
simplified by the fact that for this water, the CO3 and OH |
alkalinities are essentially zero, and the total alkalinity is |
essentially equal to the HCO3 alkalinity (other sources of |
alkalinity being negligible).

|
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Purpose: to confirm that the estimated value of total HCO3-is |
consistent with the reported alkalinity data. If it doesn't match, |
the estimated value of total HCO3- should be adjusted and the |
problem re-run until a match is obtained. |

The temperature of the river water given by Nordstrom et al. (1979) |
is 9.5 C. The alkalinity is presumed to be measured at room
temperature (25 C). |

The 0.1 N H2S04 solution used in this titration simulation is |
treated as a special reactant. Its gross composition was obtained |
from EQ3NR using the input file h2so4p1n.3i. Each unit of reaction |
progress corresponds to the addition of an amount of this fluid |
containing 1 kg of solvent water. To a very good approximation, |
0.001 unit of reaction progress corresponds to the addition of |
1 ml of solution to 1 L of sample fluid. Multiplying the value |
of reaction progress at the titration end point by 5,000 gives |
the alkalinity in units of mg/L CaCO3.

The topic of alkalinity is unfortunately more complex than one |
would intuitively think. It is very easy to misinterpret the data |
reported as part of a chemical analysis. For more details, see the |
section on alkalinity in Chapter 2 of the EQ3NR Theoretical |
Manual and User's Guide (Wolery, 1992) and also the relevant |
section of Standard Methods (1976).
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|

R |
calculational mode [*normal | economy | super economy|
|
B . |
model type | titration |*closed | open |
|
. .. |
temperature model |*power | fluid mixing |

|
c power model --> temp = tstart + tk1*zi + tk2*zi**2 + tk3*zi**3 |
¢ mixing model --> temp = (tstart * tk1 + zi*tk2) / (zi + tk1) |
C |

tstart(c)] 25.00 |tkl] O. [tk2| O. [k3] O. |
|

|
starting value of zi| 0. |max. value of zi | 1.50000E-02 |
|

starting time (sec) | 0. |max.time (sec) | 1.0(|)000E+38 |
|

|
max. steps | 200 |max. steps w/o print| 100 |
|

|

linear print interval| 1.00000E-03|log print interval | 1.00000E+38 |
|
|

suppress mineral phases |

phases w/ elements| all | In
phases except | | In

|

fixed fugacity phases- species, moles(per kg h20), Iolg fugacity(bars)|
|
|

none | | In

c RATE LAWS

c 1 =relative rate = rk1 + rk2*zi + (1/2)rk3*zi*zi

¢ 2 = transition state theory rate = CHECK DOCUMENTATIONCc 3 = specified rate
¢ 4 = activity term rate rate = CHECK DOCUMENTATION

c REACTANT TYPES
c mineral  solid solution special aqueous gas
c

c SURFACE TYPE

¢ 0 = fixed surface area 1 = fixed specific surface area
c

c NOTES

c status and jreac are normally not set by the user

|

|
| reactants (ss) solid solution only  (sp) special reactant only |
|

| REACTANT | Aqueous H2SO4, 0.1 |status ||0 |
| moles remaining | 1.0000 |destroyed| 0. |
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reactant type | special |sk | O

. |
surfacetype | O |tk | 1.0000 |
end-member | |mole fr | |ss,n
volume | 0. | | |sp
element | o Imoles | 5.570895364010290E+01|sp,n
element | h |moles | 1.111168701265550E+02|sp,n
element | c |moles | 1.059405461284710E-05|sp,n
element | s |moles | 5.000000274353950E-02|sp,n
DISSOLUTION LAW | 1 | | |
rate constant rk1| 1.0000 |csigmal | |
rate constant rk2| 0. |csigma2 | |
rate constantrk3] 0 |csigma3 | |

PRECIPITATION LAW| 0 | | |

options |

- SOLID SOLUTIONS - |
* ignore solid solutions |
process solid solutions |
- LOADING OF SPECIES INTO MEMORY - |
* don't print |
lists species loaded into memory

|
- LIST DERIVATIVES OF BASIS ELEMENTS AT EACH PRINT POINT -
|

* don't print
print |

- LIST ALL SPECIES LOADED INTO MEMORY AND THEIR LOG K VALUES -
|

*don't print

print
- LIST DISTRIBUTION OF AQUEOUS SPECIES AT EACH PRINT POINT -
|

* only species > 10**-12 molal
all species |
don't print |
- LIST CATION/H+ ACTIVITY RATIOS AT EACH PRINT POINT -
* don't print |
print |

- LIST BULK ELEMENT AND OXIDE COMPOSITION AT EACH PRINT POINT -
|

* don't print
print |
- MINERAL SATURATION STATES - |
* print if affinity > -10 kcals |
print all |
don't print |
- LIST GAS SPECIES SUMMARY AT EACH PRINT POINT -
* don't print |
print |
- PRINT AQUEOUS MASS AND CONCENTRATION TOTALS -
* don't print |
print |
- TAB FILES - |
* write |
append to previous tabx file |
don't write |
- WRITE PICKUP FILE - |
* write pickup file at end of run |
don't write pickup file |
write pickup file for each print point |
- PHYSICALLY REMOVED SUBSYSTEM - |
* does nothing |
transfer minerals but leave trivial mass in the system |
transfer minerals |
- CLEAR INITIAL PHYSICALLY REMOVED SUBSYSTEM -
* does nothing |
clear p.r.s. before first reaction progress advance |
- PHASE BOUNDARY SEARCH - |
* step size constrained by predicted phase boundaries |
phase boundaries estimated from Taylor's series and printed |
locations of phase boundaries ignored
- AUTO BASIS SWITCHING - |
* off |

on |
- SUPPRESS REDOX REACTIONS - |
* does nothing |
suppress all redox reactions
- LINEAR OR LOGARITHMIC TAYLOR'S SERIES -
* linear for kcol = 1,kdim, logarithmic for kcol = 1,kbt |
logarithmic for kcol = 1,kbt |
linear for kcol = 1,kdim |
- AZERO AND HYDRATION NUMBERS - |
* no change
read in new azero and hydration numbers

|
- PRINT MEAN MOLAL ACTIVITY COEFFICIENTS FOR DISSOLVED SPECIES -

* does nothing |
print |
- PITZER DATABASE INFORMATION - |
* print only warnings
print species in model and number of Pitzer coefficients |
print species in model and names of Pitzer coefficients |
- PRINT DIAGNOSTIC MESSAGES - |
* don't print |
print level 1 messages |
print level 2 messages |
- PRINT PRE-NEWTON-RAPHSON OPTIMIZATION -
* don't print |
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print summary information |
print detailed information |
- PRINT STEP SIZE AND ORDER - |
* don't print |
print scale factor |
print orders and step size scaling factors |
- CONTROL STEP SIZE AND ORDER PRINT -
* does nothing |
print step size and order when delzi .le. dlzmx1 |
- NEWTON ITERATIONS - |
* don't print |
print summary of newton iterations
print summary, residual functions and correction terms |
print summary, residual functions, correction terms and matrix |
- PRINT SEARCH ITERATIONS -
* don't print |
print |
- PRINT HPSAT ITERATIONS - |
* don't print |
print |
- PRINT FINITE DIFFERENCE AND DERIVATIVE DATA - |
* don't print |
print computations from RDERIV, and RTAYLR |
print computations from RDERIV, RTAYLR, DERIV and TAYLOR |
- PRINT KINETICS DIAGNOSTIC MESSAGES - |
* don't print |
print level 1 diagnostics |
print level 1 and level 2 diagnostics |
- PRINT AKMATR - |
* don't print |
print level 1 diagnostics |
- KILL ITERATION VARIABLES - |
* does nothing |

allow selection of variables to remove |

development options (used for code development) |
|

|
0 check finite difference and Taylor series expression |
0 check reaction rate finite difference and Taylor series |

|

|
tolerances desired values - defaults info-only |

|

|
number of N-R iterations | | 40 itermx |
p.r.s. transfer interval | | varies dizidp |
residual magnitude | | 1.0e-06 tolbt |
correction magnitude | | 1.0e-06 toldl |
search/find tolerance | | varies tolx |
supersaturation | | varies tolsat |
supersaturation set size | | varies tolsst |
max. size Taylor's series term | | 1.0e-04 screw1 |
max. initial value betamx | | nfa  screw2 |
max. Taylor's series term (kin.)| | 1.0e-04 screw3 |
corrector iteration | | 1.0e-04 screw4 |
max. size of N-R correction term| | 4.0 screw5 |
step size (economy mode) | | 4.0 screw6 |
log mass of phases | | varies zklogu |
decrement mass (p.r.s.) | | 2.0 zklogl |
min. left after p.r.s. | | .98 zkfac |
initial step size | | varies dlzmx1 |
upper limit step size | | varies dlzmx2 |
maximum order | | 6 nordim |
num. attempted assemblages | | 25  ntrymx |
slide -> over phase bound. | | 8 npsimx |
slide -> over redox insta. | | 3 nssimx |

fo2 scan control | | none ioscan |

|
|
¢ pickup file written by eq3nr.3245R124 |
¢ supported by eqlib.3245R153 |
EQ3NR input file name= rwpar.3i |
Description= "River water, partial benchmark test case" |
Version number= 3245 Stage number= 01 |
Created 06/08/90 Creator= T.J. Wolery |
Revised 06/08/90 Revisor= T.J. Wolery |

River water, including all solute components present above 0.05 |
mg/L, plus nitrite, sulfide, iron, and aluminum. This is a
moderately pared-down version of rwtst.3i, which contains the full |
benchmark river water test case of Nordstrom et al. (1979, Table |

In).

Purpose: to test the code on an intermediate-sized problem |
involving a dilute solution, and to initialize the EQ6 test case |
input file rwtitr.6i (which simulates an alkalinity titration of |
this water). The activity coefficients of the aqueous species are |
calculated from the B-dot equation and related equations.

|
Data for the following were originally specified as- |

HCO3- : alkalinity = 75.2 mg/L HCO3- (total alkalinity, |
not the conventional |
HCO3 alkalinity) |
SiO2(aq) : Si =8.52 mg/L |
H3BO3(aq): B =0.050 mg/L |
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HPO4- : PO4--- =0.210 mg/L |
HS- : H2S(aq) =0.002 mg/L |

[
The pH (8.01) lies well in between the pKa values of carbonic |
acid (~6.3 and ~10.3), so equating the total molality of HCO3- |
to the reported alkalinity is not likely to cause a problem. |
This can be confirmed by simulating the alkalinity titration. |
This is the purpose of the EQ6 test case represented by the |
EQ6 input file rwititr.6i. |

|
The total alkalinity of 75.2 mg/L HCO3- noted above is equivalent |
to 61.7 mg/L CaCO3 (total alkalinity). This is the more standard |
\way of reporting alkalinity (see Standard Methods, 1976). |
|
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temperature (C) | 9.5000 | |

electrical imbalance | 1.3290537832818%0504 |
number of aqueous master species | 17 : |
position of last pure mineral | 17 : |

position of last solid solution | 17 I |

I
suppressed species  (suppress,replace,augmentk,augmentg) value |
|

none |

iopg options |

- pH SCALE CONVENTION -

* modified NBS |
internal |
rational |

- ACTIVITY COEFFICIENT OPTIONS -

* use B-dot equation |
Davies' equation |
Pitzer's equations |

elements, moles and moles aqueous |

|
o 5.551373787753160E+01| O.OOOOO(IJOOOOOOOOOE+OO|

al 1.853118836087080E-07| 0.000000000000000E+00|
b 4.624875188045520E-06] 0.000000000000000E+00]|
ca | 3.044064075054950E-04| 0.000000000000000E+00|
cl | 2.792453043068660E-04| 0.000000000000000E+00|
f | 5.263601145360120E-06] 0.000000000000000E+00|
fe 2.811252171130120E-07] 0.000000000000000E+00]
h 1.110181144194750E+02| 0.000000000000000E+00|
c 1.232440589644480E-03|  0.000000000000000E+00|
p 2.211209183339490E-06] 0.000000000000000E+00|
k 3.580718343252810E-05] 0.000000000000000E+00Q|
mg | 3.085784817940130E-04| 0.000000000000000E+00|
na | 5.219712941886880E-04| 0.000000000000000E+00|
n | 2.287863617143730E-05| 0.000000000000000E+00|
si | 3.033571165845160E-04| 0.000000000000000E+00|

S | 8.021391113428290E-05| 0.000000000000000E+00|
|

. . . . . |
master species and logarithmic basis variables |

|
h2o0 |h20 | 1.744358983526980E+00]

al+++ |al+++ | -1.471984243919010E+01|
b(oh)3(aq) |b(oh)3(aq) | -5.353396877312290E+00|
cat+ |cat++ -3.526110227213310E+00|
cl- |cl- | -3.554152349078700E+00|
f- |f- | -5.281653773142230E+00|
fe++ |fe++ | -6.797136291734890E+00|
h+ |h+ | -7.988246369781190E+00|
hco3- |hco3- | -2.926063081622180E+00|
hpo4-- |hpo4-- | -5.781006643266320E+00|
k+ |k+ | -4.446233943418140E+00|
mg++ |mg++ | -3.520487126120340E+00|
na+ |na+ | -3.283508772867590E+00|
no3- |no3- | -2.430098654914990E+01|
sio2(aq) |sio2(aq) | -3.521297779922800E+00|
S04-- |so4-- | -4.121765436580630E+00|
02(g) |02(9) | -2.444179327650320E+01|

|
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| physically removed subsystem (solid solution, mineral, moles) |
|

|
| none | | | |
|

The EQ6tab file (rwtitr.60 ), Alkalinity titration of river water (partial reproductian)

(Material deleted)

zi logzi time,d logdays tempc press ph logfo2 eh pe kgh2o totaff
0.000E+00 -999.0000 0.000E+00 -999.0000 25.0000 1.0132 7.6101 -0.6137 0.7698 13.0127 1.0000 0.0000
1.000E-03 -3.00000.000E+00 -999.0000 25.0000 1.0132 7.1603 -0.6138 0.7964 13.4625 1.0010 0.0000
2.000E-03 -2.6990 0.000E+00 -999.0000 25.0000 1.0132 6.9050 -0.6139 0.8115 13.7178 1.0020 0.0000
3.000E-03 -2.5229 0.000E+00 -999.0000 25.0000 1.0132 6.7152 -0.6140 0.8227 13.9076 1.0030 0.0000
4.000E-03 -2.3979 0.000E+00 -999.0000 25.0000 1.0132 6.5551 -0.6141 0.8322 14.0676 1.0040 0.0000
5.000E-03 -2.3010 0.000E+00 -999.0000 25.0000 1.0132 6.4094 -0.6141 0.8408 14.2133 1.0050 0.0000
6.000E-03 -2.2218 0.000E+00 -999.0000 25.0000 1.0132 6.2685 -0.6142 0.8491 14.3541 1.0060 0.0000
7.000E-03 -2.1549 0.000E+00 -999.0000 25.0000 1.0132 6.1251 -0.6143 0.8576 14.4975 1.0070 0.0000
8.000E-03 -2.0969 0.000E+00 -999.0000 25.0000 1.0132 5.9707 -0.6144 0.8668 14.6519 1.0080 0.0000
9.000E-03 -2.0458 0.000E+00 -999.0000 25.0000 1.0132 5.7923 -0.6145 0.8773 14.8303 1.0090 0.0000
1.000E-02 -2.0000 0.000E+00 -999.0000 25.0000 1.0132 5.5634 -0.6145 0.8908 15.0592 1.0100 0.0000
1.100E-02 -1.9586 0.000E+00-999.0000 25.0000 1.0132 5.2064 -0.6146 0.9120 15.4162 1.0110 0.0000
1.200E-02 -1.9208 0.000E+00-999.0000 25.0000 1.0132 4.4903 -0.6147 0.9543 16.1322 1.0120 0.0000
1.300E-02 -1.88610.000E+00-999.0000 25.0000 1.0132 3.9613 -0.6148 0.9856 16.6613 1.0130 0.0000
1.400E-02 -1.85390.000E+00-999.0000 25.0000 1.0132 3.7105 -0.6148 1.0005 16.9120 1.0140 0.0000
1.500E-02 -1.82390.000E+00-999.0000 25.0000 1.0132 3.5517 -0.6149 1.0098 17.0708 1.0150 0.0000

(Material deleted)

6.8. Kinetics of Quartz Precipitation.

The following example models the growth kinetics of quartz according to the rate law model pro-
posed by Rimstidt and Barnes (1980). This model pertains to an experiment conductéd.at 105

The rate constant used is the one fit to the experiment, so this example possesses elements of val-
idation. This sample problem is taken from Delany, Puigdomenech, and Wolery (1986), who
compared the results with those obtained using the rate constant computed from a temperature
function proposed by Rimstidt and Barnes (1980). The rate law used here does not account for
anypH dependency. The B-dot equatioop@l = 1) is used to calculate the activity coefficients

of the aqueous species, and tbhen data file is used. Thiaput file for this example is

pquartz.6i. The initializing EQ3NRnput file is sio2.3i

The results are plotted in Figure 16. They are also illustrated by selected partsutptiieind

tab files, (pquartz.60 andpquartz.6t, respectively). Note that this calculation takes place in a
time frame, so time values now appear in addition to reaction progress values. The precipitation
rate decreases with time, because the driving thermodynamic affinity also decreases. The con-
centration of dissolved silica (or elemental silicon) drops as time increases.
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Figure 16. The precipiation kinetics of quartz in the sys$&M-H,0 as a function of timet); (a) the mo-
lality of aqueous silica; (b) the value of reaction progréssiére equivalent to the number of moles of
new quartz); (c) the affinity of quartz to precipitate.
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The experiment being modeled ran for 8 days. The maximum time value iopuhdile corre-

sponds to this (6.92 x 2@econds). The code oversteps this, stopping at 8.764 days (7.57 x 10
seconds). This occurs because the present version of EQ6 does not find the value of reaction
progress that corresponds to the desired maximum time. Instead, it stops when it notices that the
maximum time has been achieved or exceeded. Note also that the code does not provide for deal-
ing with a user input print interval in terms of time.

A related but slightly more complex example is on the &Gt file pquartzA.6i, which is in-

cluded in Appendix E. Its purpose is to model the same experiment. That example uses estimated
activation energies to extrapolate thé@onodel for quartz dissolution proposed by Knauss and
Wolery (1988) to 10%C. It also extrapolates this model to the case of precipitation. The first term
of that model is essentially that appearing in the one-term model of Rimstidt and Barnes (1980).
The second term accounts for fité dependence of the dissolution rate at fpghThis second

term improperly extrapolates to the case of precipitation (see Appendix E). It artificially acceler-
ates the precipitation rate at low to modetie Near-equilibrium is calculated to be achieved

in about one day, a situation which is inconsistent with the experimental results. To obtain correct
results, one should drop the second term (yielding a rate law essentially equivalent to that used
in the present example) or sepk = 2 and enter a one-term rate law for the net rate of precipi-
tation.

The EQ6input file (pquartz.6i), kinetics of quartz precipitation at 15 (“W” format):

EQ6 input file name= pquartz.6i

Description= "Precipitate quartz using Rimstidt and Barnes rate law"
Version number= 3245 Stage number= 01

Created 10/31/90 Creator=T.J. Wolery

Revised 10/31/90 Revisor= T.J. Wolery

Precipitate quartz from supersaturated solution at 105 C, using the
rate law of Rimstidt and Barnes (1980). This is test problem 1 from
Delany, Puigdomenech, and Wolery (1986, p. 19-21, 31-33), which
simulates an experiment (Run 2E) reported by Rimstidt and Barnes
(1980, p. 1687-1688, Figure 2) and uses their rate law model, which
is independent of pH. Another EQ6 test case input file, pquartzA.6i,
runs the same problem, but uses a rate law model from Knauss and
Wolery (1988) that includes dependence on pH.

Purpose: to test the kinetics mode of EQ6. Results may be compared
with Figure 2 of Rimstidt and Barnes (1980) and Figure 1 of Delany,
Puigdomenech, and Wolery (1986).

The precipitation rate law is expressed in terms of a reversal of
the net rate form for dissolution, as the precipitation rate law code
"nprk" is set to -1. Thus, the specified rate constant is k(+) (the
dissolution rate constant) instead of k(-) (the precipitation rate
constant). The value chosen is 9.72e-16 mol/cm**2/s, is which the
value specifically fit by Rimstidt and Barnes (1980) to the data for
the corresponding experimental run (2E). Their master regression for
rate constants as functions of temperature yields a value of 2.53e-15
mol/cm**2/s, which does not do a good job of representing the data for
this particular run (See Figure 1 of Delany, Puigdomenech, and Wolery,
1986).

The option switch iopt11 is set to 1 to indicate that this problem
has no redox aspect.

Note that the silica polymorphs tridymite, chalcedony, sio2(am),
and cristobalite have been suppressed by means of "nxmod" options.
These were set on the EQ3NR test case input file sio2.3i, which was
used to initialize this EQ6 test case.

References

Delany, J. M., Puigdomenech, 1., and Wolery, T. J., 1986,
Precipitation Kinetics Option for the EQ6 Geochemical Reaction
Path Code: UCRL-53642, Lawrence Livermore National Laboratory,
Livermore, California, 44 p.

Knauss, K. G., and Wolery, T. J., 1988, The dissolution kinetic of

quartz as a function of pH and time at 70 C: Geochimica et Cosmo-
chimica Acta, v. 52, p. 43-53.
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Rimstidt, J. D., and Barnes, H. L., 1980, The kinetics of silica-water
reactions: Geochimica et Cosmochimica Acta, v. 44, p. 1683-1699.

endit.
nmodll= 2 nmod|2= 0
tempcO= 105.000E+00 jtemp= 0
tk1= 0.00000E+00 tk2= 0.00000E+00 tk3= 0.00000E+00
zistrt="0.00000E+00  zimax= 1.00000E+00
tstrt= 0.00000E+00 timemx= 6.92000E+05
kstpmx= 500 cplim= 0.00000E+00
dzprnt= 5.00000E-05 dzprig= 10.0000E+00 ksppmx= 10
dzplot= 1.00000E+38 dzpllg= 1.00000E+38 ksplmx= 10000
ifile= 60

* 1 2 3 45 6 7 8 910
ioptl-10= 1 0 0 0 0 O O O O O
11-20= 1 0 0 0 0 O O O O O
iopr1-10= 0 0 0 O 0 0 O O O O
iopr11-20= 0 0 0 0 0 O O O O O
iodb1-10= 0 0 0 0 0 0 O O O O

11-20= 0 0 0 0O 0 0 0 O O O
* nxopt = number of mineral subset-selection suppression options
* nxopex = number of exceptions
nxopt= 0
* nffg = number of gas species with fixed fugacities
nffg= 0
* nrct = number of reactants
nrct= 1

reactant= quartz

jcode= 0 jreac= 0

morr= 4.72000E+02 modr= 0.00000E+00

nsk= 0 sk= 2.61280E+06 fk= 1.00000E+00
nrk= 2 nrpk= -1

imech= 1

rkO= 7.92000E-16  trkO= 105.000E+00 iact= 0
eact= 0.00000E-00  hact= 0.00000E+00
ndact= 0 csigma= 1.00000E+00

dizidp= 0.00000E+00

tolbt= 0.00000E+00  toldl= 0.00000E+00  tolx= 0.00000E+00
tolsat= 0.00000E+00 tolsst= 0.00000E+00

screwl= 0.00000E+00 screw2= 0.00000E+00 screw3= 0.00000E+00
screw4= 0.00000E+00 screw5= 0.00000E+00 screw6= 0.00000E+00

zklogu= 0.000 zklogl= 0.000 zkfac= 0.000
dlzmx1= 0.00000E+00 dlzmx2= 0.00000E+00 nordim= 0
itermx= 0 ntrymx= 0

npsimx= 0 nssimx= 0 ioscan= 0

*

* pickup file written by eq3nr.3245R124x

* supported by eqlib.3245R153

EQ3NR input file name= sio2.3i

Description= "Solution containing 101.0 mg/L SiO2"
Version number= 3245 Stage number= 01
Created 10/29/90 Creator= T.J. Wolery

Revised 10/29/90 Revisor= T.J. Wolery

Solution containing 101.0 mg/L of dissolved SiO2. This test
case is otherwise nearly identical to that in the EQ3NR test case
input file deionw.3i.

Purpose: to initialize the EQ6 test case input files pquartz.6i
and pquartzA.6i, both of which simulate the precipitation of
quartz from supersaturated solution at 105 C. The former EQ6
test case is test problem 1 from Delany, Puigdomenech, and Wolery
(1986, p. 19-21, 31-33), which simulates an experiment (Run 2E)
reported by Rimstidt and Barnes (1980, p. 1687-1688, Figure 2)
and uses their rate law model, which is independent of pH. The
latter is the same problem, but uses a rate law model from Knauss
and Wolery (1988) that does include a dependence on pH.

Note that the dissolved gases O2 and H2 have been suppressed.
This is because this problem has no redox aspect. The EQ6 option
switch iopt11 should be set to 1 in the EQ6 test case input files
so that EQ6 knows this.

Note also that the silica polymorphs tridymite, chalcedony,
sio2(am), and cristobalite have been suppressed by means of "nxmod"
options.

References

Delany, J. M., Puigdomenech, 1., and Wolery, T. J., 1986,
Precipitation Kinetics Option for the EQ6 Geochemical Reaction
Path Code: UCRL-53642, Lawrence Livermore National Laboratory,
Livermore, California, 44 p.

Knauss, K. G., and Wolery, T. J., 1988, The dissolution kinetic of
quartz as a function of pH and time at 70 C: Geochimica et
Cosmochimica Acta, v. 52, p. 43-53.

Rimstidt, J. D., and Barnes, H. L., 1980, The kinetics of silica-water
reactions: Geochimica et Cosmochimica Acta, v. 44, p. 1683-1699.
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endit.
tempci= 0.25000E+02
nxmod= 4
species= tridymite

type= 1 option= -1 xlkmod= 0.00000E+00
species= chalcedony

type= 1 option= -1 xlkmod= 0.00000E+00
species= sio2(am)

type= 1 option= -1 xlkmod= 0.00000E+00
species= cristobalite

type= 1 option= -1 xlkmod= 0.00000E+00
iopgl= 0 iopg2= 0 iopg3= 0

iopg4= 0 iopgs= 0 iopgb= 0

iopg7= 0 iopg8= 0 iopg9= 0
iopgl0= 0

ket= 4 ksg= 5 kmt= 5

kxt= 5 kdim= 5 kprs= 0
o 0.555118250703269E+02
h 0.111016874628103E+03
c 0.129065694976057E-04
si 0.168097156827988E-02
electr 0.196977511883988E-16
h2o h2o 0.174435898352698E+01
h+ h+ -0.564737292052235E+01
hco3- hco3- -0.566471043900596E+01
sio2(aq) sio2(aq) -0.277446121770296E+01
02(g) 02(g) 0.000000000000000E+00

The EQ6input file

uartz.6i), kinetics of quartz

EQ6 input file name= pquartz.6i

1986).

has no redox aspect.

References

Livermore, California, 44 p.

chimica Acta, v. 52, p. 43-53.

Delany, J. M., Puigdomenech, I.
Precipitation Kinetics Option for the EQ6 Geochemical Reaction
Path Code: UCRL-53642, Lawrence Livermore National Laboratory,

|

The precipitation rate law is expressed in terms of a reversal of |
the net rate form for dissolution, as the precipitation rate law code |
"nprk" is set to -1. Thus, the specified rate constant is k(+) (the |
dissolution rate constant) instead of k(-) (the precipitation rate |
constant). The value chosen is 9.72e-16 mol/cm**2/s, is which the
value specifically fit by Rimstidt and Barnes (1980) to the data for |
the corresponding experimental run (2E). Their master regression for |
rate constants as functions of temperature yields a value of 2.53e-15 |
mol/cm**2/s, which does not do a good job of representing the data for|
this particular run (See Figure 1 of Delany, Puigdomenech, and Wolery,|

|
The option switch ioptl1 is set to 1 to indicate that this problem |

|
Note that the silica polymorphs tridymite, chalcedony, sio2(am),
and cristobalite have been suppressed by means of "nxmod" options.
These were set on the EQ3NR test case input file sio2.3i, which was
used to initialize this EQ®6 test case.

|
, and Wolery, T. J., 1986,

|
Knauss, K. G., and Wolery, T. J., 1988, The dissolution kinetic of
quartz as a function of pH and time at 70 C: Geochimica et Cosmo-

calculational mode |*normal

|
| economy | super economy|

|
Rimstidt, J. D., and Barnes, H. L., 1980, The kinetics of silica-water|
reactions: Geochimica et Cosmochimica Acta, v. 44, p. 1683-1699.

Precipitate quartz from supersaturated solution at 105 C, using the |
rate law of Rimstidt and Barnes (1980). This is test problem 1 from
Delany, Puigdomenech, and Wolery (1986, p. 19-21, 31-33), which
simulates an experiment (Run 2E) reported by Rimstidt and Barnes
(1980, p. 1687-1688, Figure 2) and uses their rate law model, which
is independent of pH. Another EQ6 test case input file, pquartzA.6i, |
runs the same problem, but uses a rate law model from Knauss and
Wolery (1988) that includes dependence on pH.

Description= "Precipitate quartz using Rimstidt and Barnes rate law" |
Version number= 3245 Stage number= 01

Created 10/31/90 Creator= T.J. Wolery |
Revised 10/31/90 Revisor= T.J. Wolery |

Purpose: to test the kinetics mode of EQ6. Results may be compared |
with Figure 2 of Rimstidt and Barnes (1980) and Figure 1 of Delany,
Puigdomenech, and Wolery (1986). |
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model type | titration |*closed | open |

I
temperature model |[*power | fluid mixing |
|
I
c power model --> temp = tstart + tk1*zi + tk2*zi**2 + tk3*zi**3 |
¢ mixing model --> temp = (tstart * tk1 + zi*tk2) / (zi + tk1) |
C |

tstart(c)] 105.0 |tk1] O. [tk2| 0. [tk3] O. |

I
starting value of zi| 0. |max.value ofzi | 1.0000 |
|

starting time (sec) | 0. |max.time (sec) | 6.92|000E+05 |
|

max. steps | 500 |max. steps w/o print| I 10 |
|

I
linear print interval| 5.00000E-05|log print interval | 10.000 |
|

I
suppress mineral phases |

|

I
phases w/ elements| | In
phases except | | In

fixed fugacity phases- species, moles(per kg h20), Iolg fugacity(bars)|
|
I

none | | In
|
I

c RATE LAWS

c 1 =relative rate = rk1 + rk2*zi + (1/2)rk3*zi*zi

¢ 2 = transition state theory rate = CHECK DOCUMENTATIONc 3 = specified rate
c 4 = activity term rate rate = CHECK DOCUMENTATION

c REACTANT TYPES
c mineral  solid solution  special aqueous gas
c
c SURFACE TYPE
¢ 0 = fixed surface area 1 = fixed specific surface area
c
c NOTES
¢ status and jreac are normally not set by the user
|
reactants (ss) solid solution only  (sp) special rea(I:tant only |
|
I

REACTANT | quartz |status | O |
moles remaining | 472.00 |destroyed] 0.

reactant type | mineral |sk | 2.61280E+06 |
surface type | O |tk | 1.0000 |
end-member | |mole fr | |ss.n
volume | | | |sp

element |moles | |sp,n
DISSOLUTION LAW | 2

rate constant rk1| 7.92000E-16 |csigmal | 1.00000 |
temperature (c) | 105.00 | | 1234

PRECIPITATION LAW| -1 | | |

options |

- SOLID SOLUTIONS - |
* ignore solid solutions |
process solid solutions |
- LOADING OF SPECIES INTO MEMORY - |
*don't print |
lists species loaded into memory |
- LIST DERIVATIVES OF BASIS ELEMENTS AT EACH PRINT POINT - |
*don't print |
print |
- LIST ALL SPECIES LOADED INTO MEMORY AND THEIR LOG K VALUES - |
*don't print |

print |
- LIST DISTRIBUTION OF AQUEOUS SPECIES AT EACH PRINT POINT - |
* only species > 10**-12 molal |
all species |
don't print |
- LIST CATION/H+ ACTIVITY RATIOS AT EACH PRINT POINT - |
*don't print |
print |
- LIST BULK ELEMENT AND OXIDE COMPOSITION AT EACH PRINT POINT - |
*don't print |
print |
- MINERAL SATURATION STATES - |
* print if affinity > -10 kcals |
print all |
don't print |
- LIST GAS SPECIES SUMMARY AT EACH PRINT POINT - |
*don't print |
print |
- PRINT AQUEOUS MASS AND CONCENTRATION TOTALS - |
*don't print |
print |
- TAB FILES - |
* write |
append to previous tabx file |
don't write |
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- WRITE PICKUP FILE - |
* write pickup file at end of run |
don't write pickup file |
write pickup file for each print point |
- PHYSICALLY REMOVED SUBSYSTEM - |
* does nothing |
transfer minerals but leave trivial mass in the system |
transfer minerals |
- CLEAR INITIAL PHYSICALLY REMOVED SUBSYSTEM -
* does nothing |
clear p.r.s. before first reaction progress advance |
- PHASE BOUNDARY SEARCH - |
* step size constrained by predicted phase boundaries
phase boundaries estimated from Taylor's series and printed |
locations of phase boundaries ignored
- AUTO BASIS SWITCHING - |
* off |

on |
- SUPPRESS REDOX REACTIONS - |
does nothing |
* suppress all redox reactions |
- LINEAR OR LOGARITHMIC TAYLOR'S SERIES -
* linear for kcol = 1,kdim, logarithmic for kcol = 1,kbt |
logarithmic for kcol = 1,kbt |
linear for kcol = 1,kdim |
- AZERO AND HYDRATION NUMBERS - |
* no change |
read in new azero and hydration numbers

|
- PRINT MEAN MOLAL ACTIVITY COEFFICIENTS FOR DISSOLVED SPECIES -

* does nothing |
print |
- PITZER DATABASE INFORMATION - |
* print only warnings
print species in model and number of Pitzer coefficients |
print species in model and names of Pitzer coefficients |
- PRINT DIAGNOSTIC MESSAGES - |
* don't print |
print level 1 messages |
print level 2 messages |
- PRINT PRE-NEWTON-RAPHSON OPTIMIZATION -
* don't print |
print summary information |
print detailed information |
- PRINT STEP SIZE AND ORDER - |
* don't print |
print scale factor |
print orders and step size scaling factors |
- CONTROL STEP SIZE AND ORDER PRINT -
* does nothing |
print step size and order when delzi .le. dlzmx1 |
- NEWTON ITERATIONS - |
* don't print |
print summary of newton iterations
print summary, residual functions and correction terms |
print summary, residual functions, correction terms and matrix |
- PRINT SEARCH ITERATIONS -

* don't print
print

- PRINT HPSAT ITERATIONS -

* don't print

print |
- PRINT FINITE DIFFERENCE AND DERIVATIVE DATA -
* don't print |
print computations from RDERIV, and RTAYLR

|
print computations from RDERIV, RTAYLR, DERIV and TAYLOR
|

- PRINT KINETICS DIAGNOSTIC MESSAGES -
* don't print |
print level 1 diagnostics |
print level 1 and level 2 diagnostics |
- PRINT AKMATR - |
* don't print |
print level 1 diagnostics |
- KILL ITERATION VARIABLES - |
* does nothing |

allow selection of variables to remove |
|

|
development options (used for code development) |
|

|
0 check finite difference and Taylor series expression |
0 check reaction rate finite difference and Taylor series |
|

|
tolerances desired values - defaults info-only |

|

|
number of N-R iterations | | 40 itermx |
p.r.s. transfer interval | | varies dizidp |
residual magnitude | | 1.0e-06 tolbt |
correction magnitude | | 1.0e-06 toldl |
search/find tolerance | | varies tolx |

supersaturation
supersaturation set size

max. size Taylor's series term |
max. initial value betamx |
max. Taylor's series term (kin.)|

| varies tolsat |
| varies tolsst |
| 1.0e-04 screw1 |
| nfa  screw2 |
| 1.0e-04 screw3 |
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corrector iteration | | 1.0e-04 screw4 |

max. size of N-R correction term| | 4.0 screw5 |
step size (economy mode) | | 4.0 screw6 |
log mass of phases | | varies zklogu |
decrement mass (p.r.s.) | | 2.0 zklogl |
min. left after p.r.s. | | .98 zkfac |

initial step size | | varies dizmx1 |

upper limit step size | | varies dlzmx2 |
maximum order | | 6 nordim |

num. attempted assemblages | | 25  ntrymx |
slide -> over phase bound. | | 8 npsimx |
slide -> over redox insta. | | 3 nssimx |

fo2 scan control | | none ioscan |

|

I
¢ pickup file written by eq3nr.3245R124 |
¢ supported by eqlib.3245R153 |
EQ3NR input file name= sio2.3i |
Description= "Solution containing 101.0 mg/L SiO2" |
\Version number= 3245 Stage number= 01 |
Created 10/29/90 Creator=T.J. Wolery |
Revised 10/29/90 Revisor= T.J. Wolery |

Solution containing 101.0 mg/L of dissolved SiO2. This test |
case is otherwise nearly identical to that in the EQ3NR test case |
input file deionw.3i.

Purpose: to initialize the EQ6 test case input files pquartz.6i |

and pquartzA.6i, both of which simulate the precipitation of |
quartz from supersaturated solution at 105 C. The former EQ6

test case is test problem 1 from Delany, Puigdomenech, and Wolery |
(1986, p. 19-21, 31-33), which simulates an experiment (Run 2E) |
reported by Rimstidt and Barnes (1980, p. 1687-1688, Figure 2) |
and uses their rate law model, which is independent of pH. The |
latter is the same problem, but uses a rate law model from Knauss |
and Wolery (1988) that does include a dependence on pH. |

Note that the dissolved gases O2 and H2 have been suppressed. |
This is because this problem has no redox aspect. The EQ6 option |
switch ioptl1 should be set to 1 in the EQ6 test case input files |

so that EQ6 knows this. |

Note also that the silica polymorphs tridymite, chalcedony, |
sio2(am), and cristobalite have been suppressed by means of "nxmod" |
options. |

References |

|
Delany, J. M., Puigdomenech, I., and Wolery, T. J., 1986, |
Precipitation Kinetics Option for the EQ6 Geochemical Reaction |
Path Code: UCRL-53642, Lawrence Livermore National Laboratory, |
Livermore, California, 44 p. |

|
Knauss, K. G., and Wolery, T. J., 1988, The dissolution kinetic of |
quartz as a function of pH and time at 70 C: Geochimica et |
Cosmochimica Acta, v. 52, p. 43-53. |

|
Rimstidt, J. D., and Barnes, H. L., 1980, The kinetics of silica-water|
reactions: Geochimica et Cosmochimica Acta, v. 44, p. 1683-1699. |

temperature (C) | 25.000 | |

electrical imbalance | 1.9697751188398&:30517 |
number of aqueous master species | 5 : |
position of last pure mineral | 5 : |

position of last solid solution | 5 I|

I
suppressed species  (suppress,replace,augmentk,augmentg) value |
|

tridymite | mineral | suppress | 0. |
chalcedony | mineral | suppress | 0. |
sio2(am) | mineral | suppress | 0. |
cristobalite | mineral | suppress | 0. |

|

I
iopg options |

- pH SCALE CONVENTION -

* modified NBS |
internal |
rational [

- ACTIVITY COEFFICIENT OPTIONS -

* use B-dot equation |
Davies' equation |
Pitzer's equations |

|

I
elements, moles and moles aqueous |

|
o] | 5.551182507032690E+01| O.OOOOO(IJOOOOOOOOOE+OO|

h | 1.110168746281030E+02| 0.000000000000000E+00|
c | 1.290656949760570E-05| 0.000000000000000E+00|
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si | 1.680971568279880E-03| 0.000000000000000E+00]|
|
|

master species and logarithmic basis variables |
|

|
h2o |h20 | 1.744358983526980E+00|
h+ I+ | -5.647372920522350E+00|
hco3- |hco3- | -5.664710439005960E+00|
sio2(aq) |sio2(aq) | -2.774461217702960E+00|
02(g) |02(g) | 0.000000000000000E+00|

|

|

physically removed subsystem (solid solution, mineral, moles) |
|

|

none | | |
|
|

The EQ6output file (pquartz.60), kinetics of quartz precipitation at 15 (partial reproduc-
tion):

(Material deleted)

stepping to zi= 0.0000E+00, delzi= 0.0000E+00, nord= 0
time = 0.0000E+00 d, ditime = 0.0000E+00 d

attempted species assemblage no. 1

1 1 h2o0

2 26 h+

3 28 hco3-
4 60 sio2(aq)
3

reaction progress = 0.00000000000000E+00
log of reaction progress = -999.0000000

time = 0.000E+00 sec
= 0.000E+00 days
= 0.000E+00 years

log sec = -999.000
log days = -999.000
log years = -999.000

temperature = 105.000 degrees c
total pressure = 1.210 bars
computing units remaining= 0.000

start or re-start of run
--- reactant summary ---

definitions and conventions
delta x = x now - x at start
affinity is + for forward direction (dissolution),
- for reverse direction (precipitation)
rates are + for forward direction (dissolution),
- for reverse direction (precipitation)
reactant moles deltamoles grams delta grams

quartz 4.7200E+02 0.0000E+00 2.8360E+04 0.0000E+00

current total mass = 2.83598E+04 grams
delta total mass = 0.00000E+00 grams
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delta total volume = 0.00000 cc

reactant rel. rate rate rate
mol/mol mol/s  mol/s/cm2
quartz -1.0000E+00 -1.7216E-09 -6.5891E-16
reactant affinity surface area
kcal/mol  mol/s/cm2
quartz -0.4549 2.6128E+06
reactant rate constants, mol/s/cm2
quartz

forward 7.9200E-16

affinity of the overall irreversible reaction= 0.455 kcal
contributions from irreversible reactions
with no thermodynamic data are not included

--- element totals for the aqueous phase ---

element mg/kg soln. molal conc. moles
o 8.880657E+05 5.551183E+01 5.551183E+01
h 1.118870E+05 1.110169E+02 1.110169E+02
c 1.550051E-01 1.290657E-05 1.290657E-05
si 4.720613E+01 1.680972E-03 1.680972E-03
co3-- 1.290657E-05 1.290657E-05
S04-- 0.000000E+00 0.000000E+00
S-- 0.000000E+00 0.000000E+00

warning-- co3--, so4--, and s-- totals require that routine comp1
have the names of non-carbonate carbon, sulfide sulfur,
and non-sulfate sulfur aqueous species

single ion activities and activity coefficients are here defined
with respect to the modified nbs ph scale

ph

modified nbs ph scale 5.5939
rational ph scale 5.5930

redox parameters are not defined

activity of water = 0.99997
log activity of water = -0.00001

ionic strength = 2.552859E-06 molal
sum of molalities = 0.0016966923642
osmotic coefficient = 1.00000

mass of solution = 1.000102 kg
mass of solutes = 0.000102 kg
conc of solutes = 0.010160 per cent (w/w)

moles of solvent h2o0 = 5.55084E+01
mass of solvent h2o = 1.00000E+00 kg

species moles grams conc logconc logg log act

h2o 5.55084E+01 1.00000E+03 9.99969E-01 -0.00001 0.00000 -0.00001
sio2(aq) 1.68038E-03 1.00965E-01 1.68038E-03 -2.77459 0.00000 -2.77459
co2(aq) 1.12059E-05 4.93168E-04 1.12059E-05 -4.95055 0.00000 -4.95055
h+ 2.55280E-06 2.57307E-06 2.55280E-06 -5.59298 -0.00097 -5.59395
hco3- 1.70064E-06 1.03768E-04 1.70064E-06 -5.76939 -0.00097 -5.77035
hsio3- 5.90641E-07 4.55335E-05 5.90641E-07 -6.22868 -0.00097 -6.22964
oh- 2.61413E-07 4.44595E-06 2.61413E-07 -6.58267 -0.00097 -6.58364

--- grand summary of solid phases (e.s.+p.r.s.+reactants) ---

phase/end-member log moles moles grams volume, cc
quartz 2.6739420 4.72000E+02 2.83598E+04 1.07087E+04
mass, grams volume, cc
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created 0.000000E+00 0.000000E+00
destroyed 0.000000E+00 0.000000E+00
net 0.000000E+00 0.000000E+00

warning-- these volume totals may be incomplete because
of missing partial molar volume data in the data base

--- mineral saturation state summary ---

mineral affinity, kcal state mineral affinity, kcal state
graphite 1629.1754 ssatd chalcedony 0.0849 ssatd
coesite -0.6707 cristobalite -0.2556
cristobalite-a -0.2556 cristobalite-b -0.7673

ice -0.8437 o-phthalic acid 12136.6458 ssatd
quartz 0.4549 ssatd Si 1527.9178 ssatd
sio2(am) -1.0612 tridymite 0.1525 ssatd

stepping to zi= 1.0000E-09, delzi= 1.0000E-09, nord= 0
time = 6.7229E-06 d, dltime = 6.7229E-06 d

steps completed = 1, iter= 1, ncorr =0

most rapidly changing is zvclg1(sio2(aq) )= -2.7746

(Material deleted)

stepping to zi= 6.2500E-04, delzi= 2.5000E-05, nord= 5
time = 8.7641E+00 d, ditime = 8.5220E-01 d

steps completed = 26, iter = 1, ncorr =0

most rapidly changing is zvclg1(sio2(aq) )= -2.9765

reaction progress = 6.25000000000000E-04
log of reaction progress = -3.2041200

time = 7.572E+05 sec
= 8.764E+00 days
= 2.399E-02 years

log sec = 5.879
log days = 0.943
logyears= -1.620

temperature = 105.000 degrees c
total pressure = 1.210 bars
computing units remaining= 0.000

maximum value of time
--- reactant summary ---
reactant moles deltamoles grams delta grams
quartz 4.7200E+02 -6.2500E-04 2.8360E+04 -3.7553E-02

current total mass = 2.83598E+04 grams
delta total mass = -3.75527E-02 grams
delta total volume =  -0.01418 cc

reactant rel. rate rate rate
mol/mol mol/s  mol/s/cm2
quartz -1.0000E+00 -3.1205E-10 -1.1943E-16
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reactant affinity surface area
kcal/mol  mol/s/cm2

quartz -0.1056 2.6128E+06
reactant rate constants, mol/s/cm2
quartz

forward 7.9200E-16

affinity of the overall irreversible reaction= 0.106 kcal
contributions from irreversible reactions
with no thermodynamic data are not included

--- element totals for the aqueous phase ---

element mg/kg soln. molal conc. moles
o 8.880790E+05 5.551058E+01 5.551058E+01
h 1.118912E+05 1.110169E+02 1.110169E+02
c 1.550109E-01 1.290657E-05 1.290657E-05
si 2.965559E+01 1.055972E-03 1.055972E-03
co3-- 1.290657E-05 1.290657E-05
S04-- 0.000000E+00 0.000000E+00
S-- 0.000000E+00 0.000000E+00

warning-- co3--, so4--, and s-- totals require that routine comp1
have the names of non-carbonate carbon, sulfide sulfur,
and non-sulfate sulfur aqueous species

single ion activities and activity coefficients are here defined
with respect to the modified nbs ph scale

ph

modified nbs ph scale 5.6145
rational ph scale 5.6135

redox parameters are not defined

activity of water = 0.99998
log activity of water = -0.00001

ionic strength = 2.434838E-06 molal
sum of molalities = 0.0010715869794
osmotic coefficient = 1.00000

mass of solution = 1.000064 kg
mass of solutes = 0.000064 kg
conc of solutes = 0.006406 per cent (w/w)

moles of solvent h2o0 = 5.55084E+01
mass of solvent h2o = 1.00000E+00 kg

species moles grams conc logconc logg log act

h2o 5.55084E+01 1.00000E+03 9.99981E-01 -0.00001 0.00000 -0.00001
sio2(aq) 1.05558E-03 6.34239E-02 1.05558E-03 -2.97651 0.00000 -2.97651
co2(aq) 1.11349E-05 4.90044E-04 1.11349E-05 -4.95331 0.00000 -4.95331
h+ 2.43478E-06 2.45411E-06 2.43478E-06 -5.61354 -0.00094 -5.61448
hco3- 1.77162E-06 1.08099E-04 1.77162E-06 -5.75163 -0.00094 -5.75257
hsio3- 3.88979E-07 2.99870E-05 3.88979E-07 -6.41007 -0.00094 -6.41102
oh- 2.74060E-07 4.66103E-06 2.74060E-07 -6.56215 -0.00094 -6.56310

--- grand summary of solid phases (e.s.+p.r.s.+reactants) ---

phase/end-member log moles moles grams volume, cc
quartz 2.6739426 4.72001E+02 2.83598E+04 1.07088E+04
mass, grams volume, cc

created 0.000000E+00 0.000000E+00
destroyed  -3.755269E-02  -1.418000E-02
net 3.755269E-02 1.418000E-02

warning-- these volume totals may be incomplete because
of missing partial molar volume data in the data base
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--- mineral saturation state summary ---

mineral

graphite
coesite

cristobalite-a

ice
quartz
sio2(am)

affinity, kcal

1629.1707 ssatd

-1.0201
-0.6050
-0.8437

0.1056 ssatd

-1.4106

state

mineral affinity, kcal state
-0.2645
-0.6050
-1.1167
12136.6077 ssatd
1527.5685 ssatd
-0.1969

chalcedony
cristobalite
cristobalite-b
o-phthalic acid
si
tridymite

--- maximum value of time ---

--- the reaction path has terminated normally ---

26 steps were taken
zi increased from
0.00000E+00 to 6.25000E-04
the average value of delzi was 2.40385E-05
the average matrix dimension was 5

time increased from
0.00000E+00 to 7.57220E+05 seconds
0.00000E+00 to 8.76412E+00 days
0.00000E+00 to 2.39948E-02 years

start time = 10:34  18Dec91
end time =10:35 18Dec91

user time = 8.480
cputime=  0.860

--- no further input found ---

The EQ6tab file (pquartz.60), kinetics of quartz precipitation at 15 (partial reproduction)

zi

0.000E+00-999.0000 0.000E+00-999.0000 105.0000 1.2097 5.5939-999.0000-999.0000 -999.0000 1.0000 0.4549

1.000E-09
5.000E-05
1.000E-04
1.500E-04
2.000E-04
2.500E-04
3.000E-04
3.500E-04
4.000E-04
4.500E-04
5.000E-04
5.500E-04
6.000E-04
6.250E-04

log zi time, d

(Material deleted)

logzi time,d logdays tempc press

ph logfo2 eh pe kgh2o totaff

-9.00006.723E-06 -5.1724105.0000 1.2097 5.5939-999.0000 -999.0000 -999.0000 1.0000 0.4549
-4.30103.477E-01 -0.4588105.0000 1.2097 5.5955-999.0000 -999.0000 -999.0000 1.0000 0.4322
-4.0000 7.206E-01 -0.1423105.0000 1.2097 5.5971-999.0000 -999.0000 -999.0000 1.0000 0.4088

-3.8239 1.123E+00
-3.6990 1.559E+00
-3.6021 2.036E+00
-3.5229 2.562E+00
-3.4559 3.148E+00
-3.3979 3.810E+00
-3.3468 4.569E+00
-3.3010 5.461E+00
-3.2596 6.542E+00
-3.2218 7.912E+00
-3.2041 8.764E+00

0.0503 105.0000 1.2097 5.5987 -999.0000-999.0000-999.0000 1.0000
0.1929 105.0000 1.2097 5.6003 -999.0000-999.0000-999.0000 1.0000
0.3088 105.0000 1.2097 5.6019-999.0000-999.0000-999.0000 1.0000
0.4086 105.0000 1.2097 5.6035-999.0000-999.0000-999.0000 1.0000
0.4980 105.0000 1.2097 5.6052 -999.0000-999.0000-999.0000 1.0000
0.5809 105.0000 1.2097 5.6068 -999.0000-999.0000-999.0000 1.0000
0.6598 105.0000 1.2097 5.6085-999.0000-999.0000-999.0000 1.0000
0.7373105.0000 1.2097 5.6102 -999.0000-999.0000-999.0000 1.0000
0.8157 105.0000 1.2097 5.6119-999.0000-999.0000-999.0000 1.0000
0.8983 105.0000 1.2097 5.6136-999.0000-999.0000-999.0000 1.0000
0.9427 105.0000 1.2097 5.6145-999.0000-999.0000-999.0000 1.0000

(Material deleted)

log molality of dissolved elements

logdays ¢

si
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0.3597
0.3339
0.3072
0.2795
0.2507
0.2208
0.1896
0.1571
0.1231
0.1056



-999.0000 0.000E+00 -999.0000

-9.0000 6.723E-06
-4.3010 3.477E-01
-4.0000 7.206E-01
-3.8239 1.123E+00
-3.6990 1.559E+00
-3.6021 2.036E+00
-3.5229 2.562E+00
-3.4559 3.148E+00
-3.3979 3.810E+00
-3.3468 4.569E+00
-3.3010 5.461E+00
-3.2596 6.542E+00
-3.2218 7.912E+00
-3.2041 8.764E+00

-5.1724
-0.4588
-0.1423
0.0503
0.1929
0.3088
0.4086
0.4980
0.5809
0.6598
0.7373
0.8157
0.8983
0.9427

-4.8892
-4.8892
-4.8892
-4.8892
-4.8892
-4.8892
-4.8892
-4.8892
-4.8892
-4.8892
-4.8892
-4.8892
-4.8892
-4.8892

-4.8892 -2.7744

-2.7744
-2.7876
-2.8011
-2.8150
-2.8295
-2.8444
-2.8598
-2.8758
-2.8925
-2.9098
-2.9278
-2.9465
-2.9662
-2.9763

ppm (mg/kg) of dissolved elements

log zi time,d logdays c

si

-999.0000 0.000E+00 -999.0000 .155

-9.0000 6.723E-06
-4.3010 3.477E-01
-4.0000 7.206E-01
-3.8239 1.123E+00
-3.6990 1.559E+00
-3.6021 2.036E+00
-3.5229 2.562E+00
-3.4559 3.148E+00
-3.3979 3.810E+00
-3.3468 4.569E+00
-3.3010 5.461E+00
-3.2596 6.542E+00
-3.2218 7.912E+00
-3.2041 8.764E+00

47.2
-5.1724 155  47.2
-0.4588 .155 45.8
-0.1423 .155 444
0.0503.155 43.0
0.1929 .155 416
0.3088 .155  40.2
0.4086 .155 38.8
0.4980.155 374
0.5809 .155 36.0
0.6598 .155 34.6
0.7373.155 33.2
0.8157 .155 31.8
0.8983.155 30.4
0.9427 .155  29.7

(Material deleted)
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7. Thermodynamic Calculational Methods

7.1. Introduction

The governing equations for reaction path calculations were introduced in Chapter 3. This chap-
ter and the following one continue the development begun there, to show how EQ6 actually
solves the system composed of these equations. As was pointed out in Chapter 3, the governing
eqguations fall into two categories. The first deals with the equations that present themselves in
the calculation of thermodynamic equilibrium. These equations are fundamentally algebraic
(e.g., mass balance, mass action). The second problem deals with rate equations, which are by
nature ordinary differential equations (ODESs). The calculational problem involving these is in-
tegration, generally numerical integration.

This chapter discusses the means by which EQG6 carries out thermodynamic equilibrium calcula-
tions. The methodology is very similar to that used in EQ3NR (see Chapter 9 of the EQ3NR The-
oretical Manual and User’s Guide, Wolery, 1992b). The reader of the present chapter is presumed
to be familiar with methodology used in EQ3NR. The following chapter in the present report
deals with the integration of rate equations.

7.2. The Set of Master Iteration Variables

In the EQ6 code, the set of master iteration variables is similar to that used in EQ3NR, with two
key differences. First, concentration variables are replaced by number of moles variables. In the
case of the solvent, water, the concentration is expressed by the mole foggtitme(number

of moles is represented by, In the case of aqueous solute species, the concentration is ex-
pressed by the molalityr{); the corresponding number of moles is representagl. Byhen no

product minerals are present, the vector of master iteration varigpbhes (the following struc-
ture:

logn,,

Iogng , S =1sg-1,s#wW

N
1

(64)

IogfO2

logny, , S = sx+ 1,5,

This is exactly analogous to that used in EQ3NR. All of these variables formally correspond to
mass balance relations, expect the fictive redox sp&gigs which formally corresponds to the
charge balance equation. The first part of this vector contains entries $grdiiniet basis spe-

cies. The last of these @ g), which continues to be represented in the set of master iteration
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variables by the corresponding fugacity. The second part contains entries for any auxiliary basis
variables for whichflag # 30 (those withflag = 30 are treated as non-basis species). The struc-
ture is further simplified ifg = sg (no active auxiliary basis set), which implies that the aqueous
solution is in a state of complete internal (homogeneous) equilibrium. Otherwise, partial internal
disequilibrium is implied. In the present version of EQ3/6, the code’s internal data structure dif-
fers from that of EQ3NR and does not permit the use of an auxiliary basis set. For conceptual
reasons, however, we include it in the present discussion. Some EQ6 problems are redox indif-
ferent. In this case, the redox variable is automatically dropped from the basis set (the option
switchioptll can be set to 1 to suppress all aqueous redox reactions to avoid problems caused
by the presence of insignificant amounts of the sp&gjeg,) andHy(aq)-

If product minerals are present in the equilibrium system, the vector of master iteration variables
is expanded to include the number of moles of the relevant species:

logn,,

Iogng , $ =1,s3-1,s2WwW

IogfO2

‘IN
1

(65)

logng , s = sB+1,sQ

Iogn(p , @ =101

loan... , 0 = 1,0+.. ., U =1 U+
These additional master iteration variables formally correspond to the associated mass action
equations. Her@ denotes a pure mineral in the equilibrium systegis the corresponding num-

ber of moles, angy is the number of such pure mineralsptfis zero, this block is simply de-
leted. Here als@y denotes a solid solution in the same systemygnid the number of such
phases. Iyt is zero, this block is also simply deleted. Her@enotes an end member compo-
nent,ngy is the number of moles of tketh component of thas-th solid solution, andrr, is

the number of such components belonging tajthike solid solution present in the equilibrium
system.
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7.3. Expanding the System from the Set of Master Iteration Variables

One may “expand the system” from the vector of master iteration varabjesomputing the

number of moles, concentrations, and activity coefficients of all species present in the equilibri-
um system. As was pointed in the case of EQ3NR (Wolery, 1992b, Chapter 9), this is not a
straightforward process when non-basis species are present in the model. The problem is that for
any phase containing such species, the concentrations of the non-basis species are generally re-
quired to compute the activity coefficients, one must evaluate the corresponding mass action
equations. The activity coefficients appear in these equations. Hence, the activity coefficients
must be evaluated first. However, the activity coefficients depend in general on the concentra-
tions of all solute species, both basis and non-basis. So to deal with these, one must compute the
concentrations of the non-basis species first.

The approach to resolving this conundrum is nearly the same as that taken in the case of EQ3NR
(see Wolery, 1992b, Chapter 9). The system is expanded by first calculating the new concentra-
tions of the non-basis species, using the existing values of the activity coefficients. The activity
coefficients are then recalculated. In the pre-Newton-Raphson optimization algorithm, the com-
puted concentrations of the basis and non-basis species may be adjusted several times before the
activity coefficients are recalculated. In the hybrid Newton-Raphson method, they are recalcu-
lated between each Newton-Raphson step. The expansion itself technically calls for a process of
repeated steps, each consisting of recalculation of the concentrations of non-basis species, fol-
lowed by recalculation of the activity coefficients. However, EQ3/6 uses a one step or single up-
date method in hybrid Newton-Raphson iteration, because there seems to be no definite
advantage to the use of repeated steps (Wolery, 1992b, Chapter 9).

7.4. Beginning the Process: Computing Starting Values

The problem of assigning starting values is very different in EQ6 than it is in EQ3NR. Starting
values at the initial point of reaction progress are read frompls file. These originate from

either an EQ3NRickup file or an EQ@ickup file. Starting values at subsequent points are cal-
culated using finite-difference based predictor functions. If a calculation then requires precipita-
tion of a new product phase to eliminate a corresponding supersaturation, the starting value for
the number of moles of this phase is taken as 5% of the possible maximum value, as computed
from the aqueous phase composition. If the phase is a solid solution, the starting value for the
number of moles of each end member component is assigned by taking the product of 5% of the
maximum number of moles of the phase and the mole fraction of the component corresponding
to the composition which maximizes the affinity function for the phase.

7.5. Methods to Aid Convergence

Several techniques are used in EQ6 to aid convergence of the thermodynamic equilibrium calcu-
lations. They include:

» Use of logarithmic iteration variables
» Under-relaxation techniques

» Automatic and user-specified basis switching

-182 -



These methods are also used in EQ3NR and have been discussed in Chapter 9 of the EQ3NR
Theoretical Manual and User’s Guide (Wolery, 1992b). The implementation of these methods is
very similar, but not identical in all respects.

The physical quantities that correspond to the iteration variables (number of moles) used by EQ6
are intrinsically positive. Use of logarithmic iteration variables prevents iteration from producing
negative numbers. Other than the fact that EQ6 uses numbers of moles rather than concentrations
as master variables, the usage of this technique is the same as in EQ3NR.

Under-relaxation is the technique of judiciously reducing the magnitude of the computed correc-
tion terms. Assume that the unmodified method involves adding a correction term &ggtor (

wherek is the iteration number. This is typical in Newton-Raphson iteration,. The new vector of
master iteration variables is obtained thusly:

Ze1 = HHY (66)

If the new vector of master iteration variables is obtained instead by evaluating some set of cor-
responding equations not in this format, one can still utilize under-relaxation by defining a cor-
rection term vector as follows:

O, = Zp1—% (67)

Global under-relaxation is effected by replacing the correction equation given above by

Z

i+1 = Z KD (68)

wherek is a positive number less than one. Non-global under-relaxation is also possible. This
does not involve the use of an under-relaxation factor. Rather it involves truncating the magni-
tudes of individual correction terms to satisfy specified limits, which may be different depending
on the species involved and on the direction of change.

There are several methods of applying global under-relaxation, distinguished by different meth-
ods of choosing a value for the under-relaxation factor. EQ6 uses two simple ones in making
Newton-Raphson steps. These are identical to those used in EQ3NR (Wolery, 1992b).

The first of these limits the size of the largest correction term:

K = (69)

whered' is the imposed limit andl, 5, is the max norm ad. In a Newton-Raphson iteration step
(which occurs in the EQLIB modulastep.f), this limit is represented by the variaBewd

In EQ3NR, this is set in the main program (modd8&nr.f) at a value of 2.0. In EQ6, it is set on
theinput file through the variablscrew5 This has a default value of 4.0. This method of under-
relaxation not only aids convergence, but is very helpful in inducing iteration to provide helpful
information about the nature of the problem when it diverges. This information may be used by
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EQ6 to pick a phase to delete from the equilibrium phase assemblage or to enter the redox scan
mode.

The other global under-relaxation method is applied for only the first 8 iterations. The under-re-
laxation factor is cut in half if the residual vector max nfmg,exceeds the value of the variable

screwn Initially, K is set to a value of unity; when the current method of under-relaxation is ap-
plied, this factor may have been reduced as a result of applying the method described above. In
EQ3NR,screwnis set to 0.5 in the main program (moded¢gnr.f). In EQG, it is set in the mod-

ule eqcalc.f which directs the equilibrium calculation at a given point of reaction progress. Ini-
tially, it is set to a value of 0.10. If the phase assemblage is changed, the \suitexoiis

temporarily reduced to 0.005. In practice, this under-relaxation method comes into play relatively
infrequently in EQ6 compared to the one described above.

Some degree of non-global under-relaxation is also employed in pre-Newton-Raphson optimiza-
tion. This optimization function takes place in EQ6 in moduydanzr.f. Here under-relaxation

is effected by imposing truncation limits on changes for individual master variables. The master
variables for water and the hydrogen ion may not change in a given step by more than certain
limits, which are specific to each species (.a082.0 log units, respectively) Other master vari-
ables are not subject to truncation limits. The limits imposed in EQ6 differ from those imposed
in EQNR (see Chapter 9 of Wolery, 1992b).

Some truncation limits also apply to the activity coefficients and the fundmrand the ionic
strength. These limits are applied during both pre-Newton-Raphson optimization and hybrid
Newton-Raphson iteration, and, in EQG6, during calculations involving the use of predictor func-
tions. These limits are defined in the variatigfac, which is in the calling sequence of the
EQLIB modulengcadv.f The value of this variable is set in the calling modules, and is usually
scaled inversely with the value Bim. Values range from 1.3 to 100.

Basis switching, the practice of changing the aqueous species in the basis set during execution of
EQ3NR or EQ6, is often a very beneficial and sometimes also necessary device in order to
achieve convergence. The general rule is that it is best to choose a basis species that makes up a
significant fraction of the corresponding mass balance. For exambl@2(C03)22' makes up

most of the total balance of uranium, then it is a better choice for the corresponding basis species
than the data file master specig€,*. Experience with the Newton-Raphson method in

EQ3NR and EQ6 has shown that basis-switching is occasionally critical to achieving conver-
gence. It is not necessary for the chosen basis species to dominate the corresponding mass bal-
ance. However, it is critical that it not compose an extremely scarce fraction of that mass balance.
The present version of EQ6 does not allow water, the hydrogen i0g,(tre fictive redox spe-

cies) to be switched out of the active basis set. Also, it does not allow non-aqueous species(e.g.,
pure minerals and solid solution end member components) to be switched into the active basis
set.

The user may specify certain basis switches omfhé file (see Chapter 5). These switches are
executed prior to calculation of the state of the system at the initial point of reaction progress.
This appears on the part of tin@ut file that corresponds to the EQ3Rkup file. If the user
specifies certain basis switches on the EQ3NRt file, these switches will be listed on the cor-
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respondingpickup file. It is probably best to make such switches at this point. However, it is pos-
sible to direct such switches later by modifying the appropriate part of thenp@6ile.

There is also an automatic basis switching mode, specified by sefitiig- 1 (opt2 is used for

this specification in EQ3NR). It is not necessary to invoke automatic basis switching for most
reaction path runs. Automatic basis switching does not operate in EQ6 as part of the pre-Newton-
Raphson optimization method, as it does in EQ3NR. Instead, automatic basis switching is made
after a successful calculation of the state of the system at a given point of reaction progress.

7.6. The Pre-Newton-Raphson Optimization Algorithm

The pre-Newton-Raphson optimization algorithm employed in EQ6 is patterned after that used

in EQ3NR (see Chapter 9 of Wolery, 1992b). It is carried out in the mogtriezr.f. The algo-

rithm is simplified in comparison to that used in EQ3NR in that there is a much smaller number

of kinds of constraints corresponding to the set of master iteration variables. Also, no automatic
basis switching is employed in the optimization stage (if selected, automatic basis switching
takes place after the state of the system at a given point of reaction progress has been calculated).
The moduleoptmzr.f is called by fellow EQ6 modulkegcalc.f which oversees thermodynamic
calculations.

The optimization process begins by recalculatingdiimethe ionic strength, and the activity co-
efficients. It then re-expands the system and computes a full suite of residual functions. It then
utilizes a loop structure similar to that employed in EQ3NR. The primary loop structure consists
of passesAt the end of a pasEm, the ionic strength, and the activity coefficients are recomput-

ed. Within each pass is another loop structure, the times through which areyelbscHere,
adjustments are made to the number of moles of the basis species corresponding to balance equa-
tions. A pass is completed after some number of cycles. The cycles within a pass terminate if
some rather rough convergence criteria are satisfied, or if the maximum number of cycles in a
pass have been completed. This is determined by the van@atiien, which is currently set to

15 in a data statementaptmzr.f. The passes terminate if rough convergence criteria applying

to both the cycles and passes are satisfied, or if the maximum number of passes has been com-
pleted. This is determined by the variabf@im, which is currently set to 5 in a data statement

in optmazr.f.

To illustrate the cycle algorithm, we again consider the case of aluminum (compare the corre-
sponding case for EQ3NR described in Chapter 9 of Wolery (1992b). The total aluminum in EQ6
is presently expressed as total elemental aluminum. This includes aluminum in both the aqueous
solution and any other phases present in the equilibrium system. The normalized mass balance
residual is:

N7 calg A~ 1 Al
NT Al

(70)

Bal =

where:ng i a1 is the total number of moles of aluminum as calculated from a mass balance
expression, using the current values of the master iteration variablesHgre is the total num-
ber of moles of aluminum in the equilibrium system.
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The basic cycle algorithm is based on that employed in EQ3NR (see Chapter 9 of Wolery, 1992b)
and is modified principally only in that numbers of moles replace molalities. As applied to basis
species other than water ©s (the fictive redox species), this assumption assumes that there is

little change in the number of moles of water. Assuming that the basis speciesé\lé*tlwtd
that it dominates the calculated mass balance, the cycle algorithm is illustrated by the equation:

Al” kK

APt k+1 Bajk+t1

n (71)

If the basis species A" and the aluminum mass balance is dominated by the complex
AI13O4(OH)£Z , the equation is modified to the form:

1

13
_ 137nAl" k
1

n 72
APY k+1 (72)

Bak*+ D

where the “13” is the ratio of the reaction coefficient&5f and AI13O4(OH)£Z in the reac-

. . " [+
tion for the dissociation oAl;50,(0OH),,

Al 30,(OH)5; +32H" = 13A1°" + 28H,0)), (73)

This algorithm is applied to all basis species corresponding to mass balance equations, including
water and the hydrogen ion. Special under-relaxation truncation limits apply to these latter two
species, as was discussed earlier in this chapter.

There are two principle deficiencies to the cycle algorithm described above. First, it is not com-
plete. The master variable correspondin@idthe fictive redox species) is not optimized. Nei-

ther are any master variables defined for pure minerals and solid solutions. Second, the
optimization equations illustrated above were derived on the assumption that the dominant spe-
cies is an aqueous species. They do not work well when all aqueous species contribute insignif-
icantly to a mass balance. Thus, on both counts, the optimization algorithm tends to perform
poorly in rock dominated systems.

At the end of a cycle, a full set of residual functions is computed. This includ@sthey and
its max normpBmnax A pass (sequence of cycles) ends when one of the following occurs:

* The non-zero (mass balance) elemen{s sxitisfy a loose convergence test (all fall in the
range -10% to +10%).

» The maximum number of cycles per pass have been completed.
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» A convergence functiofic (betfnc) indicates that iteration in the present cycle is diverg-
ing. This convergence function will be discussed later in this chapter.

At the end of a pass, tlzen function, the ionic strength, and the activity coefficients are recal-
culated. The code defines residual functions based on the magnitude of the changekan

ionic strength, and the activity coefficients from the values pertaining to the previous pass. The
sequence of passes is stops when one of the following occurs:

» The residuals defined f@m, the ionic strength, and the activity coefficients satisfy a loose
convergence test (-10% to +10%).

* The maximum number of passes have been completed.

The optimization is deemed successful if both sets of loose convergence tolerances are satisfied.
Following optimization, the code executes hybrid Newton-Raphson iteration, whether or not the
optimization was successful.

The incomplete nature of the cycle algorithm in EQ6 is a major weakness in the present version
of this code. This makes it difficult for the code to successfully deal with large steps in reaction
progress. In particular, it causes the code some difficulty in dealing with large changes in tem-
perature, such as are encountered in a temperature jump. This problem is basically responsible
for the very limited usefulness of “economy mode” and “super economy mode,” as the code in
these modes tries to take large steps. The deficiencies of the present cycle algorithm sometimes
also cause the code to spend a lot of run time trying to optimize starting estimates with little re-
sult, thus causing long run times.

7.7. The Newton-Raphson Method

The Newton-Raphson method and the methods for implementing it in EQ3NR were discussed in
Chapter 9 of the EQ3NR Theoretical Manual and User’s Guide (Wolery, 1992b). The methods
for implementing it in EQ6 are very similar and in many aspects exactly the same. The differenc-
es that do exist come about because the Givemegseerning equations amdunknowns (rep-
resented by a vectarof iteration variables), one may construct a set of residual functions,
represented by the vector which provides a measure of the degree to which the governing
equations are not satisfied. Each element of this array has a value of zero whequagons

are satisfied. Bota anda are of lengtin.

Let k be the number of iterations, such thaando are the iteration variable and residual func-
tion vectors on th&-th iteration. Letz, represent the set of starting estimates. An iteration step
is made by calculating ., fromz. The Newton-Raphson method does this by computing a vec-
tor of correction terms), by solving the matrix equation

Jo = —a (74)

HerelJ is the Jacobian matrix, defined as
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P &
J = 75

%40
wherei andj are the matrix coordinates. The correction term is then used to generate a new iter-
ation variable vector by adding it to the old one:

Zr1 = KO (76)

If the iteration converges, all elements of batandd approach zero. It is useful to define an-
other residual function vectf which is identical tax, except that some elements may be nor-
malized to provide a better measure of convergence. Such relative residuals for mass balances
are defined by dividing the absolute residual by the corresponding total number of moles. The
relative residual for the charge balance is defined as the absolute residual divided by the calcu-
lated total number of charge equivalents. It is then convenient to @gfipandd,,xas the larg-

est absolute values of the element ahdd, respectively. BotB,,axanddnaxmay then be used
in tests to determine if the iteration has converged satisfactorily.

Useful measures of how well convergence is proceeding may be constructed. The Newton-Raph-
son method is a so-called second-order method, meaning that convergence should be very rapid
in a close neighborhood of the solution. This behavior suggests that in a such aggiQm

should be much less thap a4 |« The functiond.yp, (the variablelelfnc in EQ3NR and EQ6) de-
fined as

Prax k + 10
axk+1J

o =1

convk+1 ~ (77)

0 6maxk 0

therefore tends to approach (from below) a value of unity when convergence is rapid. Conver-
gence to a significantly lesser apparent limiting value, say 0.72 instead of 0.99, may imply an
error in the Jacobian matrix. Similar behavior is expected from an analogous function defined in
terms of theB,,a«residual B.qn, the variabldetfnc in EQ3NR and EQ6):

Bmax k+ 10
Beonvk+1 = 1-C Bax =0 (78)
’ O Pmaxk U

The EQLIB routinenewton.f oversees Newton-Raphson iteration for EQ6, just as it does for
EQ3NR. Fellow EQLIB modulerstep.fis called to make a single Newton-Raphson step, and
fellow EQLIB modulengcadv.frecomputes activity coefficients and computes the number of
moles of dependent species. The latter module is called between Newton-Raphson steps, in ac-
cordance with the single update method that was discussed earlier in this chapter. The EQ6 mod-
ule betaz.fcomputes the residual functions. Fellow EQ6 moduderxz.f, with the assistance

of a few subordinate routines, writes the Jacobian matrix. The EQ6 mbetdesfand

matrxz.f are respective analogues of the EQ3NR modud¢ss.fandmatrix.f.

The maximum number of iterations in a Newton-Raphson calculation is determinedriputhe
file variableitermx. This has a default value of 40 in EQ6. Convergence is achieved3yhlen
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is less than the tolerance paramédiat, d,,,IS less than the tolerance paramegdietl, and max

norms on the changes in thm function, the ionic strength, and the activity coefficients are all
less thartolbt. The tolerance parametdotbt andtoldl both appear on thaput file, and both

have a default value of 1xF0

7.8. Derivation of Residual Functions and the Jacobian Matrix

In this section, we shall derive the residual functions and the Jacobian matrix for the Newton-
Raphson iteration procedures used by the EQ3NR code. Given a set of governing equations and
an equal number of unknowns, there is no unique way to formulate residuals and Jacobians. The
number of equations and unknowns may be reduced by means of substitutions. Furthermore, one
may then construct the residual functions in any number of ways. Once the residual functions
have been chosen, the form of the Jacobian is determined according to the partial derivatives of
these functions.

We will now take each remaining governing equation, construct a corresponding pair of residual
functions ¢ andp), and derive the corresponding row of elements in the Jacobian matrix by par-
tial differentiation. Thex residuals are the true Newton-Raphson residual functions and are the
subject of partial differentiation to define the Jacobian matrix.flifesiduals are better mea-

sures of satisfactory convergence. In the hybrid Newton-Raphson method currently used in
EQ3/6, the activity coefficients of aqueous species are treated as known constants in a Newton-
Raphson step. The partial differentiation of theesiduals therefore does not flow through these
variables.

The Jacobian matrix for EQ6 is computed by the EQ6 modatexz.f, which is analogous to
the EQ3NR modulenatrix.f. Modulematrxz.f calls other EQ6 modules to write the various
kinds of rows in the matrix. The mass and charge balance rows are computed bybalcdalé

the pure mineral mass action rows by modhakemz.f, and the solid solution end member com-
ponent mass action rows by modbkdcsz.f The residual functions are computed by the EQ6
modulebetaz.f, which is analogous to the EQ3NR modbé&tas.f

7.8.1. Mass Balance

As was pointed out in Chapter 3, mass balances can be defined in two ways: in terms of basis
species (excluding the fictive redox spe@gswhich is thesg-th species), and in terms of chem-

ical elements. The former treatment is more general, and permits the use of an auxiliary basis set.
The latter, however, is the basis for the treatment in the present version of EQ6. The former treat-
ment is equivalent to the latter if an auxiliary basis set is not used. Otherwise, they are not equiv-
alent and the number of basis species minus one is greater than the number of chemical elements
and there is hence a greater number of corresponding mass balance equations. As the former
treatment is likely to be incorporated into future versions of EQ6, the equations for both treat-
ments will be presented here.

Mass balance for the -th basis species is expressed by eq (4):
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St ®r Wr Ory

z UggNg + z ug(pn(p+ z z UsgyNoy = N7, (79)

s=1 n="1 m=1 ao=1

(see Chapter 3). The corresponding residual functions are defined by:

St ®r WUr Oty
Ug = —Np gt ) UsNst D UggNpt > D UsgyNgy (80)
s=1 n=1 m=1 a=1
(o
s
Bg = — (81)
s

Mass balance for theth chemical element is expressed by eq (5):
St Py Wr Oy
z CesNg + z cs(pn(p+ z z Ceouloy = M (82)

s=1 n=1 =1 o=1

(see Chapter 3). The corresponding residual functions are defined by:

St @r Wr Oty
CXE = _nT,s+ z Cssns+ z qu)n(p+ z z Csotpnotp (83)
s=1 n=1 m=1 ao=1
a
€
Be = — (84)
& nT, €

The corresponding rows of the Jacobian matrix are obtained by partial differentiatiorof the
residuals with respect to the algebraic master variables. The numbers of moles variables appear-
ing in the above equations are all directly related to the algebraic master variables, except those
pertaining to the non-basis aqueous species. In deriving the Jacobian matrix, it is helpful to iso-
late the corresponding terms by rewriting eq (80) as:

o7 wr
Og = =Ny g+ UggNg + z UggNg: + z Us o
s'= So * 1 0o=1
Wr Oy
+ z z uS'0'L|Jn0'L|J
=1 a=1 (85)

HeresQ is the number of basis species gdhd  denotes a non-basis aqueous species Eq (83) can
be similarly rewritten as:
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>Q >T wr
e = _nT,s+ z CegrNgn + z CegNgr + z qu)n(p
s'=1 S":SQ+1 0o=1
Wr Oy
YD Ceoyloy
=1 a=1 (86)

Itis then necessary to find timg.  as functions ofithe . The relevant mass action equation can
be written in the following form:

logK, = b, (logx, +logA,) + bsBr|°9f02 + by, (logmg. + logy,.)
Q
+ z by, (logmg +logyy)

s=1
S£W. So (87)

wherer is the reaction for the" -th aqueous spedfgs, s the thermodynamic equilibrium con-
stant for the reactiobg, is the reaction coefficient forstttespecies),, is the activity coeffi-

cient of water, angg s¢ w) is the molal activity coefficient of theth species. As index labels,
rands' are related in the present version of EQ3/6 by:

r=s"—sg (88)

(recall thatsg is the number of strict basis species). Eq (87) can be rearranged to give:

logK b b
logmg. = o9 —logyg. — ﬂ(logxw +logA,,) - % logfq

b, b, b 2

SQ b
=L + |
- z bs"r( 09 ms‘ Ogys')
s=1
SEW. S, (89)

Because EQG6 deals directly with the number of moles instead of the molality, it is useful for the
purpose of deriving the Jacobian matrix to substitute eq (3) into eq (89) to obtain:
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logK, by, b

logng. = —logyy — —r(long+ logA,,) — Iogf
bs‘r S'r by ©;
Q
bs‘r
—by (logQ —logn,, - z b—(logn§+ logyy)
s'r
s=1
S #W. Sn (90)
Here we have that:
bT,r = bs'r + z bs‘(p (91)
s =1
SZW. S,

Note thatx,, appearing in eq (90) depends omthe : This can be first expressed by the following
equation:

0 0

0 0

: :

logx,, = logH] > 1
ogx,, = ogE % 5 E (92)

O + 0

D Z Z ng

= $'=s5+1 [l

I_I 1

We could proceed by substituting eq (3) into eq (92) and then carry out partial differentiation.
Instead, we will take a different route and use results that were obtained for EQ3NR. in Chapter
9 of the EQ3NR Theoretical Manual and User’s Guide (Wolery, 1992b). There is was necessary
to find the following:

~ dlogx,, » o5

S~ dlogmg ’ SFW. 8 ®3)
dlogx,,

S5 dlogig (54

2

It was shown that:
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_X_W§n B bgrMy [
Qs Z b. U
O C sT [
_ S'=s55+1 .
W, = s = S#W, 5 (95)
%_X_W z bwrms"D
7 2..% ., berg
L L
Xwg ber My
QH_ =, ber g
_ S'=s55+1
WS = (96)
B St
%L__W z wr'' 's'[]
le_n 1 bS"r E

In EQ3/6, theW vector corresponds to tidkogxw array. It is computed by the EQLIB module
gdigxw.f. This module is called by the EQ6 moduaiatrix.f.

For EQ6 the following related quantities are required:

~ dlogx,, <3 o

s - alognS‘ ' SB ( )
~ dlogx,,

SB B a|ng02 (98)

Note that &V parameter is required for water. Using the chain rule and eq (3), it can be shown
that:

dlogx,, _ dlogx,

= #
dlogng  dlogm, S#W, 5 (%9)
dlogx A dlogx
W _ w (100)
dlogn,, dlogng
s=1
S£W. s
Therefore, the following results may be obtained:
Q
Wy == 5 W (101)
s=1
SZW. S,
Wg =W, , S#w (102)
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The\zv vector is computed frowiv by the EQ6 modulenatrxz.f. Because of the near-identity of

these vectors (only the entry for water differs), the former is also representediygthe ar-
ray.

Partial differentiation of the mass balance equation gives the elements of the corresponding row
of the Jacobian matrix: Using mass balances for basis species, the Jacobian elements are given
by:

DT
S'=s~+1
DT
JgsB = 2.303 - z ng(bsBr+bwrWSB) (104)
S'=s~+1
O T O
Jog = 230HigquMe— Y Herlbgy + by We)g,  S#w, 55 (105)
0 S'=s~+1 0
where:
~ N Ug o
s'Yss :
Hs‘r = bSllr ' s = 11 SQ y S 2 W (106)

Note thatlzlgIr is analogous to tihg,, used in EQ3NR. The difference is that the former is de-

fined in terms of a number of moles variable instead of the corresponding molality. Note that
Uger = 1 if s = 8", otherwiseugg. = 0 .

Using mass balances for chemical elements and takiggtheshemical element to be associated
with the s' -th basis species, the Jacobian elements are given by:

DT
Jgw = 2.303 ¢, Ny, + z ng(bT,r—bwrWW) (107)
§=sa+1
DT
JS'SB = 230 - z Hs'r(bSBr + bWrWSB) (108)
§=sa+1
O T O
Jog = 2303 eMe— Y Har(bgy +by,We)H,  S#w, s (109)
n §'=sa+1 b

where:
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I’]S..Css..

HS'r = b

, s'=1,sQ,s'¢w (110)
s'r

7.8.2. Electrical Balance

In the present version of EQ6, the fictive redox spediglhe s5 -th species) is formally asso-

ciated with the charge balance equation. We will use a substoiglenote items having to do
with this equation. The treatment is closely analogous to that for a mass balance equation. The
electrical charge, takes the place of the stoichiometric equivalence dagtor or the composi-

tion coefficientc,g . The fixed charge imbalangg,( ; see Chapter 3) is included in the treatment.
The governing equation can be written as:

OQ OT
Z z,ng + Z zyng = A, (111)
s=1 S'=s,+1

The corresponding residual functions are defined by:

DQ DT
a, = =B+ 3 zZgng+ 5 Zgng (112)
s=1 $'=sn+1
a
_ z
B, = o 5 (113)

Z‘zg‘ng+ Z ‘zg.‘ng.

=1 A — 11

The Jacobian elements are as follows:

DT
Iy = 2303 Y Halby =Dy Wi) (114)
S'=s~+1
DT
stB = 2.303 - Z Hzr(bsBr + bwrWSB) (115)
S'=5s~+1
O T o
¢ = 2303 geme— Y Hylbg, +by,We)g, s#w s (116)
b S'=s,+1 b

where:
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~ Nz
H,, = s % (117)
s'r

7.8.3. Mass Action For Pure Minerals

The governing mass action equation for pure minerals can be written as:

Q
IogK(p = bW(p(Iong +logA,) + bSB(\OIogfO2 + Z bgtp(logmg +logyy) (118)
s=1
SZW. S,
The corresponding residual functions are defined by:

S

Q
Oy = —IogK(p+ bW(p(Iong+ logA,,) + bSB(\OIogfO2 + Z bgtp(logmg +logyg) (119)
s=1
S#W, Sg

B(p =0y (120)

The residual function o defined above is equivalent to the saturation &bl&o facilitate the

derivation of the corresponding elements of the Jacobian matrix, eq (87) can be written as:

Oy = = log K(\0 + bW(p(Iong +logA,,) + bSB(\OIogfO2 +br (p(logQ —logn,)

Q
+ Z bgmp(logng +logyy)
s=1
SEW, § (121)
where:
Q
bT, 0" Z bs.(p (122)
s'=1
S#W. S

Note thath, o differs slightly in form frorbT, ; - there is no term analogous,to . Similar
forms can be written for components of solid solutions and for gas spbﬁigﬁj( bT, Qnd be-

ing defined analogously ﬂoT, 0 nb£ P
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Each part of the equation f(xr(p is now explicit in terms of the algebraic master variables, with

one exception, the term iog x,. The partial differentiation flowing through this term has been
discussed previously. The corresponding Jacobian elements are as follows:

J(pW = —bT, (p+ qu,WW (123)
ersB = bsB<p+ bW(pWSB (124)
Jos = Pt bW(p\7Vg , SZW, Sg (125)

7.8.4. Mass Action For End Member Components Of Solid Solutions

The governing mass action equation fordhh end member component of tiheh solid solu-
tion is:

Iong = bmpmp(lc’gxmp + Iog)\mp) + bWGLp(Iong+ logA,,)

S
Q
+ bSBmpIogfO2 + z bgmp(logmg +logyy)

s=1
SZW. S, (126)

The corresponding residual functions are defined by:

Oy = —10gK 5y, + By (109X, +10gA ;) + by, (I0gx,, + I0gA,,)

S
Q
+ bsBmpIogfO2 + z bgmp(logmg +logyy)
s=1

S#EW. S, (227)

Bw = Ugy (128)
Herex(ij is the mole fraction of the end member componenhgmd is the corresponding ac-
tivity coefficient. The residual functioa o defined above is again equivalent to the saturation

index SI). For the purpose of deriving the corresponding elements of the Jacobian matrix, it is
more convenient to write the equation for this residual function in the form:
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Oy = —10gKgy + bgyay(l09Xsy + 10925 ) +bygy,(I0gx, +10gA,)

S
Q
+ bSBmIJIogfO2 + by OLIJ(IogQ —logn,) + Z bgmp(logng +logy,)
s=1
SZW. S (129)
where:
“Q
bT, oy = Z bS.mp (130)
s =1
SZW. S,

Each part of the equation fowcLp is now explicit in terms of the master iteration variables, with

two exception, the terms lag X, andlog X5, We have dealt previously with the flow of partial
differentiation through the former, and will now deal with it through the latter.

The mole fraction of the end member component can be written as:

n
x = —2¥ (131)

oY ory
2> Ny
-
whereor, is the number of end member components injttie solid solution. It follows that:

dlogx

— W = g (132)
dlogng,, oy
dlogXx,;
—_ZToy _ —X: (133)
dlogn;,, Iy
The Jacobian elements are as follows:
Jmpw = —bT, o + bWO‘LIJWW (134)
Joys, = bsBmp + by Ws, (135)
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0 P
0 |. =1
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: S
Jouiw = PogouT X Nojul X~ Y AsivXiug (138)
O —_— O
0 = 0
j=+i
where:
dlogA
A . = 0109 sy (139)
oly dlogn;,

These/\(jin parameters are specific to the solid solution thermodynamic models being em-

ployed. For examples, see Wolery (1979) where the notation uses “S” in placehaf presence

of such factors in the Jacobian matrix places the correction of activity coefficients of solid solu-
tion components in Newton-Raphson iteration; i.e., these activity coefficients are not corrected
in the same manner as those of aqueous species.This is likely to be changed in a future version
of EQ6.

7.9. Find Phases to Precipitate to Satisfy Partial Equilibrium

Each hybrid Newton-Raphson calculation requires that a phase assemblage be specified in ad-
vance. EQ6 finds the correct phase assemblage by making a sequence of calculations in which
the phase assemblage is changed from calculation to calculation using algorithms previously de-
scribed by Wolery (1979).

If such a Newton-Raphson calculation converges, EQ6 searches for cases of supersaturation, the
extent of which is measured by the precipitation affinAy]( , whelenotes a phase such as

the @-th pure mineral or th&s-th solid solution. Phases which are suppressed or whose affinity
functions are less than a specified toleramaksgt) are ignored. The code picks one supersatu-
rated phase, adds it to the phase assemblage, and tries again. In principle, more than one such
phase could be added simultaneously, but it is not generally profitable to do so. The number of
supersaturations may far exceed the number of new phases that actually need to be precipitated.
This is because precipitation of a phase reduces not only its own affinity, but also the affinities

of other phases that are made of the same components.

EQG6 chooses the phase to be added as the one with the greatest scaled precipitation affinity. The
scaled affinity is calculated by dividing the standard affinity by a scaling factor:

A .

A-,j,scaled = b. ) (140)
j, scale
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The scaling factor is arbitrarily defined as the sum of the absolute values of the reaction coeffi-
cients:

“Q
bj,scale = ) [0 (141)

Q< =1

Other definitions (i.e., the sum of the molecular weights of the species appearing in the reaction,
the number of atoms appearing in the reaction) are possible and might work as well. The justifi-
cation for scaling is that it improves the probability, as shown by experience, of choosing the
right phases. About 80% or more of the choices are correct when there is a large number of su-
persaturations, say twenty or more, and the figure gets better when there are only a few. Scaling
helps because it tends to remove a bias in the unscaled affinity that favors phases with large mo-
lecular formulas, such as clay minerals.

EQ6 also must occasionally delete phases from the phase assemblage. This is needed in part be-
cause the algorithm for choosing phases to precipitate is not 100% accurate. This capability is
also needed in reaction path calculations, where a phase in the equilibrium system may become
exhausted.

There are two paths in EQ6 leading to deletion from the phase assemblage. One occurs when the
matrix is singular at the start of the iteration, indicating that the phase assemblage being tried
probably violates the so-called “apparent” or “mineralogic” phase rule (Wolery, 1979). In this
case, EQ6 looks for linear dependence in the rows of the Jacobian that describe heterogeneous
equilibria (e.g., mineral solubilities). If such dependence is found, the code calculates conditional
affinities for the phases involved, scales them, and deletes the phase with the most negative
scaled conditional affinity.

A “conditional” affinity is the affinity of a phase which is uniquely determined by mutual solu-
bility for a subset of other phases. Violation of the mineralogic phase rule means that such subsets
exist. Mathematically, conditional affinities can always be defined for linearly dependent sets.
For example, if a solution is in equilibrium with cristobalite (a forr®ia,), this is sufficient to

fix the affinity of quartz, its polymorph. See Wolery (1979) for further discussion of this topic.

In the second path, the iteration proceeds for one or more iterations and subsequently diverges.
Divergence generally is due to one of the following conditions: (a) a mineral should be deleted,
(b) the starting value for the oxygen fugacity is too far off the mark, or (c) the system is so ill-
poised that the oxygen fugacity can not be defined with acceptable precision. Experience with
the code shows that the use of the convergence enhancement features described earlier usually
limits the possibilities to one of these.

EQ6 analyzes the situation to determine what action to take in response to divergence. It uses four
independent algorithms to attempt to pick candidate phases for deletion. An object function
(Onj) is calculated for the-th algorithm and thgth phase in the assemblage. Each algorithm

produces a candidate phase for removal from the phase assemblage. This is the phase with the
most negative value of the object function for that algorithm. This value (denoted sifiply as )

must be negative, otherwise no candidate is produced. The overall choice for deletion, if any, is
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the candidate among the possible four with the most negative object function. EQ6 deletes this
phase, unless it determines that the problem lies instead with the redox variable and takes other
corrective action (see below).

One of the four deletion algorithms referred to above is much more important than the other
three. Recall that one of the under-relaxation contsaie(9 limits the magnitude of the New-
ton-Raphson correction terms. This causes the calculation to diverge more slowly than it would
otherwise. If a mineral does not belong in the phase assemblage, the strongest indication of this,
after a mineralogic phase rule violation, is that its logarithmic mass variable plunges downward.
The corresponding correction term commonly approaches a vakm®i/5(thescrewbdefault

is 4.0, so this value is usually -4.0) before the matrix becomes numerically singular and the iter-
ation crashes. The object function for jita phase for the first algorithm is:

Ol,j = Iognj,k—lognj’O (142)

wherelognj  isthe value dxbgnj at the last succesgtth) iteration andognj o Isthevalue
prior to the start of iteration.

The other three algorithms were programmed into EQG6 prior to the full development of the con-
vergence enhancement techniques that are now in the code. No study has been made of their sig-
nificance to the operation of the code in its present state. Casual observation suggests that their
current role may be largely vestigial. See Wolery (1979) for a description of these algorithms.

If the starting value of the oxygen fugacity variable is more than about five log units away from
the correct value, experience has shown that convergence is not highly probable. This divergence
tends to show up most strongly in the correction term for the log oxygen fugacity variable. Com-
monly, this correction term is at or near eithecrew5the last couple of iterations. This condi-

tion indicates that a better value for the starting value of this variable is required. The code goes
into the redox scan mode in an attempt to find a good starting value if the magnitude of the last
correction term for the log oxygen fugacity variabledseew5 This condition overrides any

choice for phase deletion.

If the correction terms for the log oxygen fugacity variable oscillate in sign with magnitudes of
the order okcrew§ the system is probably ill-poised. If the residual functions have small mag-
nitudes at this point, ill-poising is almost a certainty. The problem then is that the oxygen fugacity
is so sensitive to the masses of the components in the system that the addition or subtraction of
even one molecule @, per kilogram of solvent can change the oxygen fugacity by orders of
magnitude (or the corresponding Eh by hundreds of millivolts). An extremely ill-poised system
causes trouble in the calculation because the machine floating point precision, even at 64 bits, is
insufficient to handle the situation.

There are two methods of trying to deal with this condition. One would be to accept the results
of the iteration process if the residual functions are all close to zero, even if the correction terms
are not. The code presently does not do this. The second way, which the code does employ, is to
assume that the ill-poising is limited to a very narrow range of reaction progress (encountered at
a so-called redox jump), and make several attempts to step over it, using the redox scan feature
to pick up the calculation on the other side of the jump.
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7.10. The Redox Scan Feature

The redox scan feature is used to try to generate a starting value for the log oxygen fugacity vari-
able that will lead to convergence. As noted above, the starting value normally must be within
about five log units to obtain convergence. A redox scan is a sequence of Newton-Raphson cal-
culations with increasing or decreasing starting values for this variable. It terminates when either
convergence is achieved or the whole range of the stability of water at the specified temperature
and pressure has been covered.

The upper range of the stability field of water is taken to correspond to an oxygen fugacity of 1
bar. Thus:

(Iogfoz){upper limit} = 0 (143)

The lower range is taken to correspond to a hydrogen fugacity of one bar and is determined by
reference to the reaction:

2H2(g) + OZ(g) = 2H20(|) (144)

The corresponding mass action equation can be written as:

= - - +
IogfO2 logKy - 2IogfHZ 2loga,, (145)
The lower limit is calculated by assuming thada,, = 0. Thus,
logf lower limit} = —logK 146
(logfo, ){ b = HogKy, (146)

At 25°C and 1.013 bar pressure, it has a value of about -83.1. It decreases in magnitude as the
temperature is raised.

The above limits are what is in the present version of EQ6. They are calculated assuming a pres-
sure limit of 1 bar and unit fugacity coefficients. For the purposes of establishing scan limits, as-
suming unit fugacity coefficients is not likely to be of much concern. However, the pressure limit
should match the actual pressupg (vhich may be considerably more than 1 bar. Thus, a better

set of scanning limits would be:

(Iogfoz){upper limit} = P (147)
(Iogfoz){lower limit} = _|°9KH2( )—2IogP (148)
g

ForP = 1000 bars, the upper limit of the scanning range would be increased by 3 log units, and
the lower limit would be decreased by 6 log units. This is probably marginal in terms of affecting
the outcome of the scanning process.

-202 -



8. Reaction Path Calculational Methods

8.1. Introduction

This chapter discusses the calculational methods that apply to reaction paths, apart from those
used to make thermodynamic calculations. There are four topics to be covered. The first is con-
tinuous representation of the algebraic master variables (the gewafithh respect to reaction
progress{) by means of finite differences. This leads into the second topic, how EQG6 locates
phase boundaries and other points of reaction progress at which something of interest occurs. A
“phase boundary” in the sense used here is a point of reaction progress at which a phase appears
or disappears. The third topic is the integration of the rate equations, which leads into the final
topic, the finite difference representation of rate functions and how this is used to numerically
integrate these ODEs.

In this chapter much use will be made of truncated Taylor’s series. Such a series for a function
y(x) has the form:

n

1 % YD n

y(X) = y(%) + =00 (X—X) (149)
n§1 n! ijnl%

wherex is any pointxg is a point at which the derivatives in the summation are evaluated, and

is the order of the series. An example of such a truncated Taylor’s series is the representation of
relative rates as a function &discussed in Chapter 3.

The form of a truncated Taylor’ series can be useful even if one does not have expressions for
the necessary derivatives. One can estimate them using finite differences. If a calculation is pro-
ceeding along a sequence of points orxtes, a finite difference equation can be used to make

an equivalent prediction of the valueyadt some new point, calleglusing the values gfat the

k most recent points. Herg is the closest poink 4 is the point immediately preceding it, and

X (k + 1) is the point which is farthest back. The order of the calculati@¥ - 1. A true finite
difference function does not have the form of a truncated Taylor’s series, but it is mathematically

equivalent to one. See Carnahan, Luther, and Wilkes (1969) or any other introductory numerical
methods text for a detailed introduction to finite differences.

Corresponding to thiederivatives of order 1 througlarei finite differences of order 1 through
i. This is not a one-to-one correspondence, however. The finite differences are defined by the fol-
lowing equations:

), . _ Yo—Y_1)
£ = 70 71 150
0 [y] (XO_X_]_) ( )
() (n)
f —f
ngl)[Y] _ (fo "Iyl =2 IyD) a51)

(XO _X—(n + 1))

Here the superscript in parentheses denotes the order, the subscript denotes the point to which the
differences correspond, and the symbol in the brackets denotes the function which is being treat-
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ed. Note the element of recursion in eq (151): finite differences of order greater than one at the
most recent poinig) can be calculated from the finite differences at the immediately preceding

point (x.;), and so forth.

It is possible to use the following equation to estinyads a function ok from these finite dif-
ferences:

V() = Y0+ (x=%) 5 16 1y [] (x=%) (152)
n=1 i=1

This finite difference representation is one possible basis for deriving quadrature formulas for the
numerical integration of ODEs (See for example Carnahan, Luther, and Wilkes, 1969). An equiv-
alent representation, the Lagrangian, is more popular for deriving quadrature formulas and is
more likely to be encountered by the reader in surveying such formulas in the literature. Instead
of recording the information at previous points in the form of finite differences, it does so in the
form of the values of at those points. The approach used in EQ6 is based on storing finite dif-
ferences, because it is easy to translate these functions into the derivatives appearing in an equiv-
alent truncated Taylor’s series. For further information on the Lagrangian representation and
guadrature methods based on it, see Carnahan, Luther, and Wilkes (1969) or any other text deal-
ing with numerical integration of ODEs.

EQ6 converts finite differences into the equivalent truncated Taylor’s series primarily because
the differential and integral forms are simpler and easier to manipulate. These truncated Taylor’s
series are used to represent the vertdralgebraic master variables in all modes and also, in

time mode, the relative rates of the reactants and the inverse rate. This treatment of the algebraic
master variables does not involve numerical integration; it is used only to provide a continuous
representation of these variables. The treatment involving relative rates and the inverse rate is
used for purposes of both continuous representation and numerical integration.

An array of finite differenced)whose elements increase in order from ildan be converted
into the equivalent array of derivativej py the simple linear transformation:

d = Df (153)

whereD is an upper triangular matrix (Wolery, 1979). To construct this matrix, it is first conve-
nient to define an array of the same length asandf, where each element is defined by:

W, = Xg—X_, (154)

The matrixD being upper triangular, all the diagonal elements are ones and all elements in the
lower triangle are zero. The following recursions permit calculation of the off-diagonal elements
in the upper triangle. For the first row, we have that:

D1 n = Dgn_1Wy (155)

where n goes from 2 to i. The remaining elements may be calculated from the following recursion
formula:
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D = Dm,n_1Wn+D ,m=21-2, n=m+1,1i (156)

m, n m-1,n-1

The error in a truncated Taylor’s series is usually estimated as a function of the si#&yp size,

X - Xg), from the magnitude of the first neglected term. Such an error expression is used to derive

an algorithm for bounding the step size so as to keep the estimated error within some predeter-
mined limit. In many finite difference algorithms, therefore, an estimate is constructed of this ex-
tra term. In EQ6, however, the last term in the truncated series is used instead, which has the
effect of using a more conservative bound. Therefore, lattibg the order of the term used to
estimate the erron{=1in EQ6,m =i + 1 in the more traditional treatment):

m
(]
Error[y] D%%}QD (Ax)Irn (157)
m: CHx DO

whereError [y] is the error iny. RequiringAx to satisfy the condition:

|[Error[y]| < Tolerancg y (158)

whereTolerance [y]is the required error tolerance yrieads to the following limit on the step
size:

O 1
m

[l
Eﬂ! Tolerancé yg

0 m 0
O @D O
O gy, O

AX< (159)

(See discussion of the setscrew variabtgswlandscrew3in Chapter 5.) The finite differences

in EQ6 range up to order six. The order is initially zero, and must be reset to zero at points where
the derivatives being represented are discontinuous. Discontinuities occur at phase boundaries
for secondary phases in equilibrium with the aqueous solution, and at points where primary re-
actants become exhausted. Otherwise, the order progressively builds up to a maximum of six.
The order itself is actually computed following the treatment of Gear (1971ab). The above equa-
tion for determining the step size is used to test each of the possible orders. The order chosen is
that which gives the largest step size satisfying the specified error tolerance.

It will be understood in the following discussion that the term “finite difference representation”
refers to expressions which in EQ6 usually in fact take the form of truncated Taylor’s series, the
derivatives for which have been estimated by means of finite differences. There are a few places
in the code in which the first order difference function is used as a “two point” derivative, regard-
less of the actual order used for the truncated Taylor’s series.

8.2. Finite Difference Representation of Algebraic Master Variables

Finite difference representations of the algebraic master variables permit forecasting or predic-
tion of the values of these variables at a new point of reaction progress from knowledge of their
values at immediately preceding points. There are multiple usages of the capabilities afforded by
such representations of these quantities. One usage in EQ6 is to use these predicted values as
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starting estimates for the Newton-Raphson calculation at the new point. Experience has shown
that this can be quite useful, usually giving better starting values than would be obtained by using
the values at the last point of reaction progress. This is not always the case, however. If an alge-
braic master variable is changing quite radically, as happens for example in the case of the oxy-
gen fugacity at a redox jump, the predicted values may be poorer starting estimates, even at
relatively small step sizes. It is then necessary or desirable to drop the order to zero.

The finite difference representations of algebraic master variables have other uses, however.
They can be used to predict the locations of interesting points. Such points include phase bound-
aries, at which minerals appear in or disappear from the equilibrium system. They also include
points corresponding to maxima in the number of moles of secondary minerals in the equilibrium
system, which are of interest in the fluid-centered flow-through mode. The finite difference rep-
resentations can also be used as part of a search algorithm to find the exact location of such events
(a priori predictions carry an element of inaccuracy). Furthermore, they provide a means for re-
stricting the step size so as to provide greater information density in a region in which a quantity
of interest, such as the oxygen fugacity or the number of moles of a mineral in the equilibrium
system, is changing rapidly. The accuracy criterion described above tends to increase informa-
tion density in such regions, but it is not reliable for this purpose.

The basic idea is to represent Kath algebraic master variable by a truncated Taylor’s series:

lEankD n
OREUDRS (L (160)

where¢ is a point of reaction progre<g, is the most recent point at which the calculation has
been completed,is the order of the truncated series, the derivatives pertain to pQig)t @rid
A& (=& - &) is the step size. The derivatives are estimated from finite differences, using the

equations given previously to calculate the differences themselves. These results are then con-
verted to derivative form by the linear transformation given above.

Thezvector used in the thermodynamic calculations consists of logarithmic quantities. The finite
difference representation of an algebraic master variable in EQ6, however, may be in terms of
either the same logarithmic quantity (element ofagglarray) or the corresponding “linear”
guantity (element of theveclarray). Only elements corresponding to aqueous basis species can
presently be represented by logarithmic quantities, so those corresponding to mineral species in
the equilibrium system are always linear (i.e., numbers of moles). Which representation is used
for aqueous basis species depends on the user and perhaps the floating point characteristics of the
machine. Ifiopt8 = -1, linear variables are representedppit8 = 1, logarithmic variables. If

iopt8 = 0, linear variables are used unless the exponent range of the machine is less than +100.

Truncated Taylor’s series can be used to locate maxima in the number of moles minerals in the
equilibrium system. This function is necessary in the fluid-centered flow-through model in order
to locate phase disappearance boundaries. Recall that the maximum of a function on an interval
is either at one of the ends of the interval or at a point within the interval at which the derivative
is zero. Differentiation of eq (160) yields the following result:
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o _1(”—1)!81?%(&) (161)

This is a truncated Taylor’s series of one less order.

8.3. Locating Phase Boundaries and Other Points of Interest

Finding the value of reaction progress corresponding to a point of interest, such as a phase bound-
ary, is an activity which can make good use of the finite difference representation of algebraic
master variables. However, this representation is often not sufficiently accurate to locate such a
value to within desired tolerances. The accuracy requirement imposed in choosing the order and
maximum allowable step size is not sufficiently reliable to ensure that points of interest can be
found with needed accuracy. Therefore, something additional is required. This is a larger search
algorithm which encompasses the use of finite difference representation.

Consider the case of finding a phase boundary at which a mineral appears in the equilibrium sys-
tem. At immediately preceding points of reaction progress, the affinity to precipitate is negative,
indicating that the aqueous solution is undersaturated with this phase. However, the affinity is
increasing at the base point (the most recent point of reaction progress). Given a step size deter-
mined by other considerations (such as the accuracy requirement, but possibly other, more re-
strictive requirements that have already been dealt with), one can use the finite difference
representation of the algebraic master variables to predict the affinity to precipitate at the new
value of reaction progress. If the predicted value fails to exceed a tolerance vaiguttide
variabletolsat), EQ6 ignores the supersaturation. If it exceeds a second, higher tolerante (the

put file variabletolsst), EQ6 uses the finite difference representations to find the value of reac-
tion progress at which the predicted affinity is mid-way between these two tolerances. The
variabletolsat has a default value of 0.0005 kcabipt4 = O (no solid solutions), of 0.005 kcal

if iopt4 = 1 (solid solutions). This type of phase boundary search and other searches are directed
by the EQ6 modulsearch.f which employs a “higher order” extension of the secant method and
also under certain circumstances employs an interval halving method.

Because of the inaccuracy inherent in the use of backward finite differences, it is possible that
the actual affinity, determined by a thermodynamic calculation, at such a predicted phase bound-
ary, does not lie between the two tolerances. If it lies below the lower tolerance, the solution is
not sufficiently supersaturated at the new point and the phase boundary has not been reached.
However, the new point becomes the base point. Hence the finite difference representation be-
comes more accurate closer to the actual phase boundary, and the next predicted value of the
phase boundary will be more accurate. If the actual affinity exceeds the upper tolerance, the
phase boundary has been stepped over and the step size is cut by a predetermined factor until this
condition is no longer the case. A series of such cuts will either result in hitting the phase bound-
ary or moving the base point closer to the phase boundary. The same action takes place if the
code oversteps a phase boundary, having failed to predict it in the first place.

The same general scheme is also employed to find other points of interest. These include phase
boundaries at which minerals in the equilibrium system disappear (the special case of such
boundaries in the fluid-centered, flow-through open system mode is discussed below), points at
which reactants saturate (which are also normal phase appearance boundaries), points at which
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reactants are exhausted, points at which the temperature cros¥eégvigh is significant be-

cause the set of polynomials for approximating thermodynamic data changes), and points at
which relative rates change sign (because different rate laws may govern net mass transfer in the
opposite direction). Not all of these cases involve finite difference representation of algebraic
master variables. They may involve instead arbitrary expressions (e.g., a polynomial for temper-
ature) or finite difference representation of rate functions (which is discussed in the following
section). Some functions of the code also limit the step size to satisfy an arbitrary constraint, such
as a predetermined limit on the predicted change in some quantity, such as the oxygen fugacity.
These exist primarily for the purpose of ensuring information density in desired regions and do
not employ the “go back” feature.

In the fluid-centered flow-through open system mode, minerals precipitating in the equilibrium
system must be protected from redissolving. In the case of pure minerals, this can be treated rig-
orously by keeping the entire precipitated mass of such minerals in contact with the aqueous so-
lution (i.e., in the equilibrium system) until the mass (as measured by the number of moles) starts
to decline. In practice, however, periodic transfers of mass to the physically removed system are
made anyway. In theory, when the mass of such a mineral maximizes, all of the remaining mass
is transferred and the mineral is not present (does not grow) in the equilibrium system as reaction
progress is further advanced. Thus, such a point is a kind of phase boundary in which the phase
disappears. In the case of solid solutions, the maximum criterion is necessary applied to either
the phase itself or its components, but the criterion is not rigorously sufficient to represent the
effects of the aqueous fluid leaving its solid products behind. This is because the composition of
the solid solution may evolve along the reaction path, but allowing any precipitated mass to re-
main in the equilibrium system allows mixing of newly precipitated component mass with pre-
viously precipitated mass. Using the fluid-centered flow-through open system with solid
solutions therefore depends on making periodic partial transfers of mass to the physically re-
moved system in order to maintain a correct representation. The user-defined “dump interval,”
specified by the input file parametlizidp, can be used to insure such periodic transfeigpid

= 0 (no solid solutions), the default value of this variable is 138 (Beudo-infinite). Ifopt4 =
1 (solid solutions), its default value is the smaller of the values for the linear print and plot vari-
ables.

The effect of a transfer to the physically removed system on the finite difference representation
depends on whether a shift is partial or total. If a mineral is entirely shifted, a mass action con-
straint is lost and the order of the method must drop to zero before stepping out to a new point of
reaction progress. If only part of the mass of a mineral is so shifted, the order does not have to be
dropped to zero. The corresponding elements dof eetor are changed, but the values of the
derivatives are not.

In general, phase disappearance boundaries in the fluid-centered flow-through open system mod-
el are detected and accurately located using finite-difference representation (or in the case of sol-
id solutions calculation dependent on such representation) of the number of moles of the phase
in the equilibrium system. This occurs in two ways. The first is by detection of predicted location

of maxima, using the truncated Taylor’s series representation of the derivative of the number of
moles of a phase with respect to reaction progress. If a predicted maximum is found, the step is
made, and a thermodynamic calculation yields a calculated value of the mass at the new point.
This is compared with the value at the previous point. If the mass destroyed exceeds a tolerance
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(107Ko9Umoles), then the phase boundary has been overstepped. A “go back” instruction is is-
sued, and a partial transfer of mass to the physically removed system is made at the base point
before stepping out again. Unlike the case in other “go back” situations, the step size is not cut.
It is possible for such a phase disappearance boundary to be overstepped without having been
detected by means of analysis based on finite difference representations. The course of action is
the same. The code’s primary objective is to prevent redissolving a mass exceeding the tolerance
(which can be set on theput file; the default value atklogu is -6.0 ifiopt4 = 0, -7.0 ifiopt4

= 1). Repetitive use of the “go back” instruction guarantees that this objective can be met. The
code does not otherwise adjust the step size to locate the boundary more precisely.

Various events may occur which cause the derivatives of the algebraic master variables to be dis-
continuous. For example, a reactant may stop dissolving because it has saturated or become ex-
hausted (other events of interest that are searched for), or the phase assemblage in the equilibrium
system may change. In such cases, the order of the finite differences must be dropped to zero. By
stepping out one point (at the small zero order step size), a “two point” estimate of the derivatives
of the number of moles of the minerals in the equilibrium system is possible. If this estimate is
negative for any such mineral, it is no longer forming. The remaining mass in the equilibrium
system is transferred in its entirety to the physically removed system.

8.4. Integrating Rate Equations
The rate equations which must be integrated are expressed as truncated Taylor’s series. These
include the relative ratel§;/d¢ orv;e' ) of each irreversible reaction and, in time mode, the in-

verse ratedt/dg or v, ). In reaction progress mode, relative rates are described by truncated
Taylor’s series specified by the user. In time mode, the relative rates and the inverse rate are de-
scribed by truncated Taylor’s series that are based on a finite difference representation like that
described previously for the algebraic master variables. In order to obtain new values for the total
number of moles of the components at a new point of reaction progress, one mugiglitgin
integrating the relative rate of each irreversible reacﬂéﬂcﬂ&) from&gtoé, If the code is op-

erating in time mode, the inverse radéd¢) must also be integrated to obtain the time increment,

At.

The relative rate of thieth irreversible reaction can be written in the form of a truncated Taylor’s
series:

n rel
| | 1@V 0
V(@) =V g+ Y SO0 08) (162)
n=1 . |:| dE %
The corresponding integrated form is given by:
n rel
_ _rel 1 « Vi o n+1

n=1

In reaction progress mode, the relative rate of each irreversible reaction is arbitrarily defined in
the form of a truncated Taylor’s series (see Chapter 3). In this case, the above integration yields
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an exact result. In time mode, relative rates are calculated from actual rate laws (see Chapter 3).
The truncated Taylor’s series representation of the corresponding relative rates is generated using
finite differences. In this case, the above integration does not yield an exact result, and it is nec-
essary to restrict the step size to control the error.

The inverse rate is also represented by a truncated Taylor’s series:

V(&) = Vi) + z BTUE) ()" (16)

The corresponding integrated form is given by:

|:dn
At = vy ()AL + r§1(n+1)|5d‘E Eb(AE) (169)

The inverse rate is calculated from the actual rate laws (see Chapter 3). Hence, the truncated Tay-
lor’s series representation is not exact, and the step size must be restricted to maintain accuracy.

True kinetic modeling requires the actual integration of differential equations, and except for the
case where the rates are defined as functions of only a time variable, this integration must be ac-
complished numerically. In EQG, the finite difference functions described above act as predictor
functions that are essentially equivalent to those in the Gear (1971ab) method. Unlike the case of
algebraic master variables, any “correction” step must be made using corrector functions based
on finite differences.

The need for a corrector cycle for the rate functions must be determined after the Newton-Raph-
son iteration does the “correcting” of the algebraic master variables. The code then evaluates the
rate laws at the new point of reaction progré3susing the corrected algebraic variables, and
compares the resulting values with the values that were predicted from eqs (162) and (164). If
the corresponding rate values differ by more than a specified tolerance, some corrective action is
initiated. This may be either a corrector cycle, in which the finite difference representations used
in the integrations represented by eqs (163) and (165) are improved, using the tentative calculated
rate information at the new point, or a cut in the step size. The present version of EQ6 does not
include coding for making corrector cycles. The only course of action is to cut the step size.

A simplei-th order corrector function can be generated by dropping-ihkéh point and adding

the point just stepped to. Resetting the indexing of the points sbltkabmes  , & o becomes

&1, etc. (dropping the last point), the finite differences may be recalculated using eqgs (150) and
(151). The rates at the latest point are taken to be the provisional values that were calculated by
evaluating the rate laws. Thearray must be updated, tBematrix recalculated, and the new

finite differences converted to derivative form by applying eq (153). This brings us back to the
level of eqs (162) and (164). The integration is made over the same limits, but the point indexing
has changed. Hence, the following equations must be used instead to compute the corrected in-
dividual extents of reaction progress and the time increment:
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Further correction cycles can be made in like manner. The only difference is that the pointindices
are not shifted again. A general rule of thumb is that if two corrector cycles are not sufficient, the
step size should be cut.

The simple corrector described above is based on back-substitution and should give first order
convergence behavior. This is not satisfactory in the case of “stiff” ODEs (See for example Car-
nahan, Luther, and Wilkes, 1969, or Gear, 1971ab). The practical definition of stiff equations is
that they require a second-order method for corrector iteration (most such correctors are based
on the Newton-Raphson method). See Gear (1971ab) for a discussion of corrector functions for
stiff equations. It will probably become necessary to incorporate such functions into EQ6.

8.5. A More Economical Approach to Equilibrium Step Calculations

When the finite difference representation of algebraic master variables is kept generally accurate,
EQ6 functions very analogously to the two “souped-up” versions of the old PATHI program not-
ed in Chapter 1, both of which followed the differential equations approach and integrated by
means of the Gear (1971ab) variable step-size, variable order, predictor-corrector method. The
EQ6 finite-difference functions for algebraic master variables are predictor functions equivalent
to the Gear predictors, but EQ6 “corrects” these predictions by means of the Newton-Raphson
calculation to satisfy the governing algebraic equations (e.g., mass balance, mass action). The
Gear corrector functions correct the predicted values to satisfy the differential counterparts of
these governing equations. Better results are obtained with the EQ6 approach, but the cost of a
run is about the same, and can be relatively high in terms of one’s computing resources.

A guestion of considerable importance in terms of the cost of reaction path calculations is wheth-
er or not it is necessary to keep finite difference functions generally accurate by restricting the
step size. Cost generally bears a close relationship to the number of points at which thermody-
namic calculations are made. Other reaction path codes, for example PHREEQE (Parkhurst,
Plummer, and Thorstenson, 1980), do not employ such functions. It has been pointed out above
that these difference functions must be kept accurate in the case of the fluid-centered flow-
through model and in time mode. If the calculation is just a sequence of equilibrium calculations,
however, then a computationally more economical approach making less or no use of finite dif-
ferences may be satisfactory.

ThenmodI2 parameter on the input file permits the user to choose a more economical mode, if
the type of model permits. Otherwise, the code operates in the “normal” mode described previ-
ously in this chapter. If the model type permits, settimgpdI2 = 1 selects “economy” model,

nmod|2 = 2, “super economy” mode. In economy mode, the maximum order is 2 and the step
size restriction represented by eq (159) is replaced by one which restricts the step size so that no
linear algebraic master variable is predicted to change by more than the setscrewsaieaitie

-211 -



(whose default value is 4.0) log units. Otherwise, economy mode is much like normal mode. In
super economy mode, no finite differences are used. Instead of the step size restriction represent-
ed by eq (159), the code initially sets the step size for a new si&mirl, the zero-th order

value specified on thaput file. The idea is to take large step sizes. In super economy mode, the
code forgoes most of the normal attempts to locate points of interest, including phase boundaries.
Thus, if a mineral is present in the equilibrium system at one point of reaction progress but not
at the preceding value, all one knows is that the actual phase boundary lies somewhere in be-
tween. This may be sufficient to meet the user’s needs, however. In both economy and super
economy mode, if the thermodynamic calculation fails to converge, the step size is cut until con-
vergence is achieved.

In the present version of EQG6, the pre-Newton-Raphson optimization algorithm is generally in-
sufficient to allow much useful application of economy mode or super economy mode, as the
thermodynamic calculations tend not to converge for large step sizes. Real economy is usually
not obtained. The use of these options in this version is therefore not recommended.
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9. Code Architecture and Flow of Execution

The purpose of the present chapter is to provide a narrative description of the structure of the soft-
ware itself. This material is primarily included because it is required as part of the documentation
to satisfy NUREG-0856 (Silling, 1983). It does not provide anything necessary for the typical
code user. It may be helpful to those few users who desire to modify the code for whatever pur-
pose.

In the present description, we will not make it a point to describe the role and function of every
module in the source code. For such descriptions, the reader is referred to the relevant glossaries
of modules. For EQ6 modules, see Appendix B of the present report. For EQLIB modules, see
Appendix A of the EQ3/6 Package Overview and Installation Guide (Wolery, 1992a). The pur-
pose here is to describe the main features and essential aspects of the structure of the code. The
purpose is not to provide detailed design documentation. Readers who want more detailed infor-
mation are invited to examine the source code itself, which is reasonably well-documented inter-
nally.

Many aspects of the architecture and operation of EQ6 are similar to those of EQ3NR (see the
EQ3NR Theoretical Manual and User’s Guide, Wolery, 1992b). For examples, both codes are
directed by problems specified mput files, both use the same supporting data file, and both
make extensive use of modules in the EQLIB library. Virtually all of the underlying science and
associated submodels built into EQ3NR are also built into EQ6.

EQ6, however, also contains some underlying science and associated submodels that are not con-
tained in EQ3NR. The type of thermodynamic calculation done by EQ6 is different in terms of

the kinds of constraints imposed. Also, EQ6 calculates reaction path models, and so must deal
with sequences of thermodynamic calculations. In computing reaction paths, it must deal with
fundamental system constraints (e.g., closed systems, fluid-centered flow-through open systems,
systems open to external gas reservoirs). It must also deal with irreversible mass transfer, as con-
strained by arbitrary relative rates or actual rate laws.

Recall that the fixed fugacity options work by creating fictive pure mineral phases in the equilib-
rium system corresponding to the gases whose fugacities are to be fixed. If such options are in
connection with the fluid-centered flow-through system maamlodI1 = 3), these fictive pure
minerals are not subject to the constraint of not redissolving. Indeed, if they were, they would be
unable to keep the corresponding fugacities from decreasing when other processes would act to
make them do so. To simplify further discussion ofrim®d|1 = 3 option in the rest of this chap-

ter, the exceptional treatment of these phases will not be pointed out each time actions pertaining
to this option are addressed.

When the code is operating in time mod@{1 = 1), the time variable is considered to be infinite
when the value of the inverse rate is calculated by mothalke.f as being greater thaine pseu-
do-infinite value of 1 x 10°® inverse seconds. This condition is marked by setting the flag vari-
ableqriinf to “.true.”. The moduldgimer.f, which computes the time increment corresponding

to a given step of reaction progress, then takes the increment and the new time value to be infinite.
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9.1. Overview

Execution begins in the main prograeqg6.f. This module directs the overall process of code ex-
ecution. The function of the main program is illustrated in the simplified flow diagram in Figure
17. The first step is to get the time and date, which the code does by calling the EQLIB module
timdat.f. This module contains UNIX-dependent code. The main program then writes the code
name and version identification, the copyright notice, and the time and date information to the
screen andutput files. Its next step is to initialize the dimensioning variables which correspond

to the dimensioning parameters. Dimensioning variables are used to pass dimensioning data in
the calling sequences of called modules; FORTRAN does not generally allow parameters (in the
special FORTRAN sense) to be so passed.

EQ6 will run multiple problems stacked on a sinigleut file. The line marked by lab&5is a

return point in the main program to which execution flows after a single problem has been solved.
After this point, the code initializes the relevant arrays and variables, setting their contents to zero
or some other appropriate null value equivalent. The purpose of this is to provide a clean slate
for the solution of the next problem. The main program then calls modtilep.f to read an-

other problem on theput file. If no problem is found, the problem execution stage is presumed

to be finished. The main program then gets the current time and date and writes the starting and
ending times and dates to the screenaurigut files. After that, it makes a normal exit and ex-
ecution stops.

In practice, the usage of this stacked input capability is usually impractical. Any problems so
stacked should be very short ones. A typical reaction path problem is usually long enough that in
factitis recommended that it be run in segments, each corresponding to a single execution of the
code (see discussion in Chapter 5).

Modulerd6inp.f is analogous in function to the EQ3NR moduliap.f . If theinput file has not
been opened on a previous calbinp.f opens it. Using an EQLIB module callgipl.f, it cop-

ies theinput file to a file callednputs, deleting any comment lines. The originmgbut file is

then closed. The code then subsequently reads the stripped input file instead. rdigidplé
looks at the first line of input to see if the input file is in “W” or “D” format. It then repositions
the file pointer at the top of the file.

If the input file is in “W” format,rd6inp.f calls moduleeadz.fto read the next problem. If it is

in “D” format, it calls moduled6new.f to oversee the reading of the next problem. Module
readz.freads most of thiaput file itself. It uses one helper moduteadrt.f, to read a block of

rate law data for each irreversible reaction (“reactant”). Moalirew.f carries out its function

by calling a fairly large number of helper modules (most of which begin wdth).“Calls to ei-
therreadz.forrd6inp.f result in the writing of an instant echo of thput file to theoutput file.

If no problem is found at the current position of the file pointer, the main program is notified and
it then proceeds as described above to make a normal exit.

If the code finds a problem on thput file, the main program then gets the name of the chosen
activity coefficient option corresponding to tiepgl activity coefficient option switch. This is

a descriptive character string that will be used subsequently. The code then callsinciadiziie

to read the supporting data fidgtal This module is analogous (and nearly identical to)
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START

Get the time and date
(call eglib/timdat.f)

Open theoutput anddatal files
Write disclaimers, version ID,

/—P

Get the name (character string)

for the option for computing the
activity coefficients of the aqueous
species (calkeqglib/nactop.f)

and time/date to theutput and

'

screen files

Set the values of the dimensioning
variables; initialize certain con-
stants, such as the gas constant

Compute the temperature at the initial

value of reaction progress; get the
temperature range flagtpr) (call

'

tstep.f)

Label 25 return point for a new
/—> problem; “zero” variables and arrays
pertaining to a given problem

!

If the input file is not open, open it
and make a stripped copy; read
the input for the first or a following
problem from the stripped input
file (call rd6inp.f)

Read thalatalfile: read species an(}i

phase names, compositions,
reactions, and standard state
thermodynamic data; find indices
of theH* andCl ions; execute
anyinput file options to alter
thermodynamic data as part of
the current problem; set up fictive
pure minerals for any fixed-fugacity
options; execute any initial basis
switching; set species status flags;
read activity coefficient data;
compute thermodynamic data
at the initial temperature (call

More
input found

indatz.f)

Compute rate data at the initial temper-

ature (callevratc.f)

Get the time and date and write them

'

to theoutput and screen files

Write “normal exit” to these files
andstop

Match the names of the reactants

=
>

those of the species read from the
data file; set up certain reactant
properties (caltsetup.f)

END

FROM
PAGES 3
AND 4

t

TO
NEXT
PAGE

Figure 17 (page 1 of 4). Simplified flow diagram of the EQ6 main progea®. .
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FROM
PREVIOUS
PAGE

\

Calculate specific surface areas of
pure mineral and solid solution
reactants; set flags marking such
minerals which are reactants so
that equilibrium precipitation doeg
not apply to them

'

Match the names of any species which
appear in any rate laws with those
of the species read from the data ffile

'

Match the names of any pure minerals
and solid solutions in the physically
removed system with the names of
species read from the data file

'

Set default values for numeric
parameters

Write echo describing the current
problem on theutput file

(call echoz.)

Make estimates of basis species
concentrationsopnc) from the input
data; concentrations of non-basis
species are taken to be zero

L

>

Calculate the charge imbalaneam
(sum of solute molalities) and
(ionic strength)

'

Calculate the activity coefficients of]
the aqueous species; also calculg
the mole fraction of water (call
eglib/gcoeff.)

TO
NEXT
PAGE

te

¢

Save “old” values okEm, |, and the
activity coefficients

'

Compute the concentrations and
numbers of moles of the aqueous
non-basis species; compute the
numbers of moles of non-aqueou
species and phases appearing on
input file; compute activity
coefficients of components in
non-agueous phases (catimpz.f)

oY

the

'

Compute new values @m, |, and the
activity coefficients, applying chan
limits; compute associated
residuals as the difference betweg
new (ignoring change limits) and
values bshm, bxi, andbgamx);
recalculate the concentrations of
the non-basis species (call
eglib/ngcadv.h

'

Save “old” values okEm, |, and the
activity coefficients

L

Figure 17 (continued, page 2 of 4). Simplified flow diagram of the EQ6 main progigri) (
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FROM
PREVIOUS

PAGE

If iopt6> 0, clear the physically
removed system

\' TR

Compute the initial state of the
equilibrium system (cakqcalc.h

Write a message to tlmaitput and
screen files; go back tabel 25
(look for another problem)

#

TO PAGE 1

¢

If iopt7 > 0, execute automatic basis
switching (callpabssw.j

Compute the reaction path (cpéth.f)

¢

If the run is near a user-specified
computer resource limig{ime =
.true.) andiopt3 < 0, sefopt3 =0

Compute affinities of irreversible

v

reactions (caltaff.f); check
&> reactants for saturation (call
rsatch.f); compute rates of K’
irreversible reactions (cattcalc.f)

If iopt3> 0, write thepickup file
(call scribe.f)

¢

¢

Write a description of the system at]
the initial point of reaction progress
on theoutput file (call scripz.f)

Get the time and date
(call eqlib/timdat.f)

Write start and end times (and dates)
to theoutput and screen files

¢

Execute anyopt5 options to transfer

'

the mass of any solids to the
physically removed system

If ioptl3 > 0, descramble thabx file
onto thetab file (call dscram.f;

. b

call fcopya.f)

TO
NEXT
PAGE

Figure 17 (continued, page 3 of 4). Simplified flow diagram of the EQ6 main progcg)(
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FROM
PREVIOUS
PAGE

Write a message to thoeitput that
the allowed computer resource is
nearly exhausted, arstiop

END

\ Go back tdabel 25(look for
another problem)

¢

TO PAGE 1

Figure 17 (continued, page 4 of 4). Simplified flow diagram of the EQ6 main progigri) (
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the EQ3NR modulendatx.f. It checks a flag contained on the data file to insure that the kind of
data file provided is consistent with the activity coefficient option selected on the input file. If it

is not, this module writes an error message to the screevugmat files and execution stops.
Otherwise, it proceeds to read the standard state thermodynamic data on the data file. All basis
species are loaded into memory. All other types of species are loaded into memory only if they
are relevant to the current problem. Moduleatz.f then calls the EQLIB modulgspion.fto

find the indices of the hydrogen and chloride ions.

After completing the above actions, which includes finishing readindat# file, indatz.f

calls modulandatl.f. This carries out several functions. The first of these is to call the EQLIB
modulealters.f to execute angxmod “alter” options that may have been included onitipeit

file. It then calls modulelkffg.f to set up the fictive pure minerals required for any fixed fugacity
option. After thatjndatl.f calls modulenndx.f to decode the initial composition constraints for

the initial equilibrium system. If there are any solid solution reactants or special reactants, it calls
moduleglxrn.f to decode them. The next taskirdatl.f is to call modulebswch.f, which ex-

ecutes any user-directed basis switches omthé file. Then it calls modulégstz.f (a close
analogue of the EQ3NR modulgstx.f) to set the species status flags. This module may in turn
call the EQLIB modulesupprs.fto execute angxmod “suppress” options that may have been
included on thenput file. Moduleindatl.f then loads any fictive “fixed fugacity” minerals into

the equilibrium system, if necessary. This is followed by a call to medotkexz.f which sets

up the structure for the thermodynamic calculations for the equilibrium systempgif= 0,

indatl.f then calls the moduiebdot.f to read from the data file the ion size amshfl flag data
required for the B-dot activity coefficient modelidpgl = 1, it calls the modulmupt.f to read

from the data file the relevant interaction parameters needed for Pitzer’s equations. Only the data
needed for the current problem are loaded into memory by eithaot.f orinupt.f.

After callingindatl.f,moduleindatz.f calls moduleevdata.fto evaluate all temperature-depen-
dent thermodynamic data. It then calls modyddrst.f to compute thedrst (b ), cdrmt

(bT, (p), andcdrgt (bT, g) arrays. This is followed by a call to modgafscl.f, which computes

the array of affinity scaling factorbjg scale )- Lastiydatz.f computes the lower and upper lim-
its on the oxygen fugacity corresponding to the stability field of liquid water.

The flow of execution then returns to the main progragé()). It then sets up some arrays per-
taining to the irreversible reactions (“reactants”). First, it calls moehuratc.f to evaluate rate
constants, which may be temperature-dependent. Secondly, it calls msadufef, sets up the
molecular weights and molar volumes of the reactants. Thirdly, it sets up some related pointer
arrays and checks the identities of species hames appearing in the activity products of rate laws
to see if these species appear in the current model. The next aeigfhfef to decode the input

data for phases in the physically removed system. Following that, it checks the problem input.
Default values are assigned and some input parameters are changed if necessary to fall within
required ranges. Most of these parameters are tolerance and setscrew parameters.

The next action o&q6.fis to call moduleechoz.f This module is analogous to the EQ3NR mod-
uleechox.t writes an echo of the current problem todghgput file. This echo includes the actual
values assigned to the relevant parameters, including any defaults or lower or upper limits as-
signed.
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The main program then begins to expand the description of the equilibrium system that was read
from theinput file. Essentially what is known initially is the number of moles of the basis spe-
cies, including any mineral species present in this system. The expansion produces an estimate
for the number of moles, the concentration (molality or mole fraction), activity coefficient, and
thermodynamic activity of each species present. First, the molalities of the aqueous solute basis
species are computed and used to estimatErttfenction (by a call to the EQLIB module

gsigm.f) and the ionic strength (by a call to the EQLIB mod¥ef). The activity coefficients

of the aqueous species are then estimated by a call to the EQLIB rgodetéf. That module

also provides an estimate of the mole fraction of solvent water, which is calculatethirdine
expansion is completed by a call to mocwdepz.f(analogous to the EQ3NR modulempx.f).

This module in turn calls moduterspc.fto compute the numbers of moles and the molalities

of all non-basis aqueous species. It also calls modutgz2.fto complete the expansion for

any mineral species in the equilibrium system. If any solid solutions are present, it calculates the
mole fractions and activities of the end member components in any solid solutions present, call-
ing the EQLIB moduléambda.f to compute the relevant activity coefficients.

The main program follows up this initial expansion by calling the EQLIB mawydadv.f The

function of this module is to expand the system by first recalculating the activity coefficients and
then the concentrations of non-basis species. This module is called here to improve upon the ini-
tial expansion.

At this point, the main program calls modelgcalc.t The function of this module is oversee a
thermodynamic equilibrium calculation for the equilibrium system. The purpose of the present
call is to make the calculation for the initial point of reaction progress. How this module makes
a thermodynamic equilibrium calculation will be discussed below. We note, however, that this
initial calculation commonly involves the precipitation of some originally supersaturated miner-
als. It may also involve a temperature jump. If the calculation for the initial point of reaction
progress fails, the main program writes an error message (to bathtghut and screen files),
terminates activity on the current program, and loops back to see if another problem is specified
on theinput file. If the calculation is successful, the main program computes data pertaining to
the reactants (such as the values of reaction rates). It then calls swthdd to write a descrip-

tion of the state of the system on theput file. This module is analogous to the EQ3NR module
scripx.f, and indeed writes many of the same tables of output data. Msxtipe.f also writes

data to the scrambled tab fitajox.

The main programe6.1) then executes any options specified by the option swafth. These
options transfer minerals now present in the equilibrium system to the physically removed sys-
tem. This provides a means of discarding initial precipitatéspté = 1,eq6.fthen clears the
physically removed system. Thenigpt7 = 1,eq6.fcalls modulgabssw.fto execute automatic
basis switching.

The next action oég6.fis to call modulgath.f to compute the rest of the reaction path. This is
a complex process which will be described in some detail below. After thisg@lfcalls mod-
ulescribe.fto oversee the writing of theckup file. If theinput file was in “W” format,scribe.f
calls modulescribo.f, which write thepickup file in the same format. Otherwise, it calls modules
writ6x.f andscribn.f, which write this file in “D” format. The former module writes the top part,
the latter, the bottom part. The main program then calls the EQLIB mithalat.f to get the
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time and date. Then it calls the UNIX system modiime to get the user and cpu times. The
next action okq6.fis to unscramble thmabx file, writing the results on thiab file. This file
contains summary tables intended for post-run plotting.

The main program then loops back to see if there is another problemioptthéle. If there is,
it repeats the process. If not, a message announcing the end of the run is writt@utjouihe
and screen files by modutd6inp.f.

9.2. Following the Reaction Path: Module path.f

Module path.f has the function of overseeing the calculation of the reaction path. As such, its
major functions include choosing the step sded4j) and detecting certain events, such as the
appearance or disappearance of product minerals. When the code is operating in time mode, this
module also oversees the integration of the relevant rate equations. This module is written to op-
erate in one of three calculational modes:

» Normal: the step size is constrained to keep the finite difference based predictor functions
accurate. This is required if the code is operating in time mog# (= 1) or computing a
model for the fluid-centered flow-through open systemd@dl|1 = 3). Normal mode is
forced ifnmodI2 = 0 on thanput file.

» Economy: the step size is allowed to become larger than in normal mode. The predictor
functions are restricted to second order, and the step size is not constrained to keep them
accurate. Economy mode is permittedniod|2 = 1.

» Super economy: the step size is large, typically matatepgnt, the linear print interval.
Predictor functions are not used. Phase boundaries are not located.This mode is permitted
if nmodI2 = 2.

Use of the latter two modes is not recommended at the present time owing to deficiencies in the
existing pre-Newton-Raphson optimization algorithm. Real economy is usually not obtained, be-
cause failure of the equilibrium calculations upon making large steps is frequent and results in
the step size being cut.

The first function opath.f is to initialize the various arrays and variables associated with finite
difference calculations. It also initializes certain other variables relevant to the computation of
the reaction path. It then checks to see ifitipait constraints actually define a reaction path.

Such a path is defined if there are one or more irreversible reactions (“reactants”) or the temper-
ature is defined as a function of reaction progress. If no path is defined, it writes a message to the
output file and execution returns to the main programe(f).

Otherwise path.f computes the first “print points” corresponding to the lindapknt) and log-
arithmic @zprlg) print intervals. A “print point” is a point of reaction progress at which the code
writes a detailed description of the state of the system by calling mechype.f. Similarly

path.f also computes the first “dump point” corresponding to the dump intefzadg). A

“dump point” is a point of reaction progress at which the code transfers all or part of the mass of
solid phases in the equilibrium system to the physically removed system. This is relevant only to
the fluid-centered flow-through system.
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Next inpath.f comes labeR0. This is a return point for setting up to make a new step of reaction
progress from the latest point to which the calculation has advaiy)etiére, the step counter,

kstep, is incremented. Information describing the state of the system at the current or base point
is saved, in case it is later necessary to fall back to this point.

After that,path.f computes the finite difference functions described in Chapter 8 for the current
point of reaction progress. These are computed for the maximum possiblekordéy Wwhose

value ranges from zero to six. Initially, this has a value of zero, which is to say that no finite dif-
ference functions are actually calculated or used.

The next action gpath.f takes place only imodl1 = 3 (fluid- centered flow through system
model). If the code is at the second point of reaction progress and the phase assemblage was
changed on the first step, or a reactant saturated or exhaqedtedl examines the first order fi-

nite difference functions to see if any mineral phases are decreasing in number of moles. If so,
path.f calls moduleshftz.f to shift each such phase in its entirely from the equilibrium system to
the physically removed system. This complete shift removes representation of the phase in the
set of algebraic master variables. Put another way, the phases themselves, in addition to their
masses, are removed from the phase assemblage in the equilibrium system. This mechanism pro-
tects such phases from redissolving in an efficient manner. If it were not done, other mechanisms
(see below) would suffice. The present coding here is somewhat vestigial. The action taken here
was at one time taken at the first point of reaction progress after any of the relevant events, not
just on the second point of reaction progress.

The next action gpath.f also depends on the condition thatodl1 = 3. If the flag variable

gdump is “.true.”, path.f calls moduleshftz.f. It then makes a partial shift of the mass of the
mineral phases in the equilibrium system is made to the physically removed system. The phases
themselves are then largely but not completely protected from redissolving. They remain present
in the phase assemblage of the equilibrium system. This presumes that they will grow, not redis-
solve. If they should redissolve on the next step of reaction progress, other protective mecha-
nisms will come into play.

This is followed by labe215 which is a return point for computing the step size and order for

the next step. In normal calculational mode, the step size is computed for each potential order,
using the accuracy requirement for finite difference based predictor functions discussed in Chap-
ter 8. The step size for order zero is arbitrarily set to etimaix1 (the “zero order step size”).

This is aninput file parameter whose default value ranges from 1'?((16actants, time mode)

to 1 x 102 (no reactants, temperature change only), depending on circumstances. The order cho-
sen is the one that gives the largest step size, and the step size is provisionally set to the corre-
sponding value. Thus, the zero order step size is a minimum value at this point. The step size for
a given order is actually the smallest for any of the algebraic master variables. In calculating this,

no consideration is given to a result corresponding to a mineral species present in a trace amount.

This condition is defined by the number of moles present being less than or eqd4P#, 10
wherezklogu is aninput file parameter with a default value of -7.00pt4 =0 (no solid solu-
tions) and -6.0 ifopt4 = 1 (solid solutions enabled).
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In economy mode, the maximum order is 2 instead of 6. The order is chosen by the above proce-
dure. The step size for order 1 or order 2, however, is computed so as to limit the degree of change
to any algebraic master variable. It is limited so that none of these changes by mecestivén

log units 6crew6is a setscrew parameter that appears oimghe file; it has a default value of

4.0). In super economy mode, the order is fixed at zero and the provisional step size is set to
dizmx1. In this mode, the default valuedlzmx1 is usually set equal @izprnt, the linear print

interval.

If the chosen orden(rd) is greater than zerpath.f then calls modulekmatr.f to compute the

D matrix required to compute derivatives from finite differences, calls malduief to calcu-

late derivatives of algebraic master variables, and, if the code is operating in timeaptide (

1), calls modulederiv.f to calculate derivatives for rate functions (actual rates, relative rates,
and the inverse rate function).

It is important to note that the step size at this point is only provisional. In general, before the step

is actually made, many conditions may be encountered that will cause the step size to be de-
creased. Some of these conditions are associated with physical events, such as the appearance or
disappearance of a product mineral. Others are numerical in nature. However, the step size may
never decrease below the minimum allowed value represented by the \@aebeexcept for

two cases which will be noted below. This variable is nobhpat file parameter. It is generally

set at a value of 0.01 timdzmx1. However, it is subject to other limits that depend on circum-
stances.

The step size may now be further reduced by the following mechanism. The vatiable

used in conjunction with the process of locating points of reaction progress such as phase bound-
aries. It may happen that such a point may have previously been overstepped, and the step size
subsequently cut. In such a case, the step may have been cut such that the last value of reaction
progress was, within tolerances, the desired point. However, the final step size may have corre-
sponded to a point of reaction progress preceding the desired point. In such a case, it would be
inefficient to equal or exceed it on the next step, as the step size would have to be cut yet again.
Thus,zilim is set equal to the point known to exceed than the desired point. On the subsequent
(now current) stepdelzi is restricted to 0.75 times the difference betwalm and the current

value of reaction progress. This seems to work well. Howeveri#hetis not reduced to less

thandlzimn. In other circumstancesilim is set to a quasi-infinite value (1 x*fé), which ef-
fectively turns off this step size control mechanism.

If the ordemord is greater than zerpath.f calculates new values of the algebraic master species
from the corresponding truncated Taylor’s series (by calling moalyiler.f) and repeatedly cuts
the step size by one-fourth if any of the following conditions occur:

* The log number of moles of an aqueous basis species or the log oxygen fugacity has
dropped to less than -100.0.

* The log number of moles of solvent water has changed by more than 1 log unit.

» The log oxygen fugacity has changed by more than 20.0 log units.
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* The max norm residual functid,,x (betamx) calculated from the truncated Taylor’s se-
ries is greater than 2.0.

However,delzi is not cut to less thatizimn.

Other simple limits are then applied to the step size. It is restricted so that the resulting value of
reaction progress does not exceed the following:

The next “dump point” (which depends on the dump intediaidp). This applies only if
nmodl1 = 3 (fluid-centered flow-through system model).

Either of the next “print points” corresponding to the linelp{nt) and logarithmic
(dzprlg) print intervals. This mechanism is one of two which may redeta to less than
dizimn.

The maximum value of reaction progressn@ax). This is annput file parameter. This
mechanism is one of two which may reddetdzi to less thawllzimn.

The maximum allowed value defined Bigmx2, if the ordemord is greater than zero.
This is aninput file parameter whose default value is quasi-infinite (13¢%Qnder most
circumstances (it is always greater than or equdizimx1)

If nord is greater than zero and mineral phases are present in the equilibrium pasiteithen

tries to limit the step size so that no more than about 90% of the existing mass of any species in
such a phase is dissolved during the current step. This limit is computed for each species by look-
ing at the first derivative of the corresponding algebraic master variable (the log number of moles
of the species). This methodology is only approximate. Its purpose is not to locate the boundary
at which a phase disappears. Rather, it is intended to slow down the advance of reaction progress
prior to such a point, and by so doing to increase the accuracy of the relevant truncated Taylor’s
series in the immediate vicinity such a point. This helps to increase the efficiency of the actual
methodology for locating the point.

If the order is greater than zepath.f now steps out using the truncated Taylor’s series for the
algebraic variables and begins an earnest search for phase boundaries. The code first looks for
points at which new mineral phases should appear. In stepping out, the code makes calls to the
modulestaylor.f, ncmpz.f, tstep.f, andngcadv.f. These calculate all the variables needed to es-
timate the saturation indices at the new point of reaction progress. These indices are then ob-
tained by a call to modukatchk.f. If any phases are calculated to be supersaturated at the new
point (apart from those which are suppressed or for which precipitation is to be controlled by a
rate law) path.f reduces the step size so that the highest “unexcused” supersaturation falls within
a target range (see referencetotsat andtolsstin the next section of this chapter). This reduc-

tion in the step size takes place by calling modekrch.fto find the step size corresponding to

the target range for the mineral with the largest unexcused supersaturation. The code then loops
back to evaluate the Taylor’s series at the new step size, and rechecks the calculated saturation
indices until no unexcused supersaturations remain.

The code then uses the truncated Taylor’s series to constrain the step size so as not to skip over
the point at which any existing mineral phase is completely redissolved (this mechanism is not
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relevant for the case oimodl1 = 3). Herepath.f again callgaylor.f. It then looks to see if the
predicted number of moles of any existing mineral phase is less than zero at the new point of re-
action progress. If so, it again calls modsgarch.f which reduces the step size to the value cor-
responding to the phase boundary.

If nmodI1 = 3, the code uses the truncated Taylor’s series to see if the mass of any mineral spe-
cies in the equilibrium system is decreasing. To do plaith).f calls modulesaylor.f and

taylr2.f. The latter module uses truncate Taylor’s series to evaluate the first derivatives of the
algebraic master variables corresponding to mineral species. The test focuses on these predicted
first derivatives. If such a derivative is negative, the code sadisch.fto reduce the step size

for which the value is zero. This corresponds to the point at which the mass of the species is at a
maximum. Such a reduction in the step size is done first for the mineral species with the most
negative predicted first derivative. The code then loops back and steps out again using the new
step size until no negative derivatives are encountered.

In actuality, it is necessary whamodIl = 3 to allow some small mass of mineral species to re-
dissolve. Thus, in the above mechanism, the condition of a negative predicted first derivative is

ignored if the mass of the mineral species is already small, less than or eqﬁﬁP%‘,Where

zklogu is aninput file parameter that has been noted previously in this section.Also, there is a
possibility that the above search for the maximum (point where the derivative is zero) may fail,
because the derivative is already negative at the previous point of reaction progress. This condi-
tion is possible owing to the approximate nature of finite differences. In such a case, the code
steps back to the previous point of reaction progress, calls neidtdd to make a partial shift

of the minerals in the equilibrium system to the physically removed system, and execution flows
back to labeR15 There, the process of stepping out begins over again.

Otherwise, the next action péth.f is to limit the step size so that the predicted inverse rate func-
tion (computed by a call to modutylr.f ) does not become less than 100 times the machine
floating point epsilon. Physically, the inverse rate must be positive. It may approach, but never
reach, a value of zero. This check is made to avoid problems that might occur due to the approx-
imate nature of finite differences. It is carried out if necessary by a cahtoh.f This check

is made only iinord is greater than zero and the code is operating in time mode.

The following action is similar and is done only under the same conditions. The code then limits
the step size so that no predicted relative rate function (also obtained by atawlt.tg, crosses

from positive to negative or vice versa. This action also uses one or more sa#istio.fas nec-
essary.

If the code is operating is time mogbath.f then calls modulamer.f to compute the time in-
crement. This is checked to make sure that it is positive. This again is an action which is only
necessary because of the approximate nature of finite differences. If the time increment is not
positive, the step size is repeatedly cut by one-fourth until the time increment is positive or the
step size is reduced to the minimum allowed vadl@r(n). If the time increment is still not pos-
itive, the order is repeatedly cut until the time increment is positive. This is guaranteed for order
zero.
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The next action gbath.f is to limitdelziif necessary by the points of exhaustion of any reactants.
The code obtains the remaining amounts of reactants for a given step size by callingreaodule
acts.f. If this is negative for any reactasgarch.fis called to reduce the step size to coincide

with the point of exhaustion of the reactant with the most negative value. This process is repeated
until the step size coincides with the point of exhaustion that occurs first.

This point is followed by labd5, which is a return point for computing the new value of reaction
progress from the old one and the step size. Later events (to be described below) may cause the
step size to be cut and execution to flow back to this point. There are two traps here, one to catch
any case of repeated cyclingd#lzi at a value of zero, the other to catch any case of repeated
cycling ofdelzi at the minimum allowed value. If either case is detected, an error message is writ-
ten to theoutput and screen files, and execution stops.

The code now steps out using the truncated Taylor’s series and calls egchiefto make a
thermodynamic equilibrium calculation for the new point of reaction progress. This module is
discussed in detail in the following section of this chapter. If the calculation fails, as noted by an
error flag (er), path.f restores the data for the previous point of reaction progress. Subsequent
action depends on the value of the error flag.

If an attempt was made to increase the number of algebraic master variables beyond the dimen-
sioned limit, execution flows to lab&P0. Here an error message “Reaction path tracing has
failed...” is written to theutput and screen fileslelzi is set to zerazimax is set to the current

value of reaction progress, and execution loops back tod&b€his should terminate the run at

the last value of reaction progress at wheglealc.fcould successfully make the calculations. It
should also generate a usapiekup file.

If the calculation was otherwise successfuldbdIl = 3 and too much of a phase in the equi-
librium system was redissolved, the code cgiif$z.f to execute a partial transfer of the mineral
phases in this system to the physically removed system. The step size is cut by one-fourth. Exe-
cution then loops back to lab&b for another try.

If the “sliding forward” mechanism for dealing with “incoming phase instability,” “outgoing

phase instability,” or “critical redox instability” was engaged and failed, execution flows to label
120, which has been discussed above. The sliding forward mechanism is discussed in the follow-
ing section of this chapter.

For all other failure conditions associated with the equilibrium calculgiath,f cuts the step
size by one-fourth and execution flows back to |&&dbr another try. If the step size is already
at the minimum allowed value, the oraerd is reduced by one instead. If the step size is already
at the minimum allowed value and the order is already zero, execution flows tb28bs&hich

has been discussed above.

If the thermodynamic equilibrium calculation was completed succesgiatly,f calls module
raff.f to compute the affinities of the irreversible reactions (“reactants”), and then calls module
rsatch.f to check for any saturated reactants. If so, a tiegq] is set.

If the code is operating in time mode, a check is made on the accuracy of the ODE integration
associated with the actual rate laws. He#h.f calls moduletcalc.f to evaluate the actual rates
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at the new point and from them the corresponding relative rates and the inverse rate. It calls mod-
ulertaylr.f to calculate the relative rates and the inverse rate at the new point from the corre-
sponding truncated Taylor’s series. These truncated Taylor’s series comprise the basis for
calculating the individual reaction progress increments of the irreversible readfigasd the

time increment4t). The former are obtained by integration of the corresponding relative rate
functions, the latter by integration of the inverse rate. ldath.f tests the accuracy of these in-
tegrations by comparing the calculated and predicted values of the relative rates and the inverse
rate. The fractional error in any relative rate and in the inverse rate is required to be less than or

equal toscrew4 This aninput file parameter with a normal default value of 1 x31The test
on the inverse rate is excused if the estimated fractional error in the time variable is less than or

equal toscrew4 This is arinput file parameter with a normal default values of 1 ¥ 1Dhe test
on any relative rate is excused if the fractional error in the amount of “reactant” created or de-
stroyed is less than or equalsirew4**2.

If the ODE accuracy test failpath.f presently cuts the step size until the ODE accuracy test is
satisfied. However, this is not done if tthelzi is at the minimum allowed value or of the order
nord is zero. If the step size is to be cut, execution flows to lab&he coding here is that which
immediately follows the call to moduégcalc.ffor the case of a returned error flag from that
module. The value aér, however, is zero in the present case.

Otherwise path.f checks to see if any reactants have become exhausted. It sets a number of log-
ical flags which denote conditions requiring the ongend to be reduced to zero. These condi-
tions will be noted below

Module path.f then checks to see which algebraic master variable is changing most rapidly. It
then writes a message to thaput file which begins with, “steps completed =...”. If a most rap-
idly changing algebraic master variable has been identified, it writes this information as part of
the message.

If the input file parameteropt? is set to 1path.f then calls modulpabssw.fto execute auto-
matic basis switching. If any switches are made, a message is writterotaghefile.

The order of the finite difference based truncated Taylor’s series for the next step is reduced to
zero if any of the following events have occurred:

* The phase assemblage has just been modified.
» Automatic basis switching was just executed.
» One or more reactants has just saturated or become exhausted.

* The temperature has just crossed’@(@he derivative of pressure with respect to tempera-
ture is not continuous here).

A counter is also set which delays any increase in the order for a few steps. If any of these events
have occurred angmodIl = 3, a flag is set to write on tle@tput file an abbreviated table of
system data at the next point of reaction progress. The events noted here require the order to be
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dropped to zero because they result in discontinuities in the derivatives of the variables represent-
ed by the finite difference based truncated Taylor’s series.

Next, path.f calls modulescripz.f to write a detailed description of the state o the system at the
current point of reaction progress if one of the following conditions holds:

* Nothing is changing with respect to reaction progress.

* The phase assemblage has just been modified.

» One or more reactants has just saturated or become exhausted.

» The reaction progress variable is reached the maximum afnax).

* The time variable equals or exceeds the maximum vétaertx).

» The step counteksétep) equals the maximum number of stefpstmx).
» The temperature has just crossed°f0

» The current point of reaction progress is a “print point” as defined by the linear print inter-
val (dzprnt), the logarithmic print intervabdgprlg), or the maximum number of steps be-
tween print pointskstppr).

* If nmodI1 = 3, the current point is a “dump point” as defined by the dump intetizadif)

* If nmodl1 =3, a transfer of mineral phases from the equilibrium system to the physically
removed system was executed in the process of stepping out to the current point of reac-
tion progress or if the current point of reaction progress corresponds to the maximum in
the mass of a mineral phase.

If none of these conditions is met, execution flows back to Bl make another step of reac-
tion progress. Otherwispath.f makes the call tecripz.f.

After that,path.f must determine whether to stop the reaction path calculation or to go back and
continue it. The following conditions cause normal termination of the calculation:

» The reaction progress variable is reached the maximum \afnax).

* The time variable equals or exceeds the maximum vétaerqx).

The step countekétep) equals the maximum number of stelpstgmx).

Nothing is changing with respect to reaction progress.

Each reactant is saturated or exhausted, and the run is for a constant temperature.
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If path.f stops the calculation at this point, it writes a message tatpat and screen files (“the
reaction path has terminated normally...”) along with some summary run statistics. Execution
then flows back to the main prograsg@.1.

If path.f does not stop the calculation, it then calculates as necessary new values for the print and
dump points. It then determines whether to use the existing point of reaction progress as the next
base point (the usual procedure) or to step out from the preceding point. The latter is done if the
step size is small and the current value of reaction progress was determined only to meet the next
print point as defined by the linear print intend#grnt), the logarithmic print intervabgprlg),

or the maximum number of steps between print poksppr). This procedure is increases ef-
ficiency and protects the integrity of the finite difference functions, for example in the case of
two successive values of reaction progress which are nearly indistinguishable.If this is to be
done,path.f then executes the necessary setup. Execution then flows back @1abehere

the step size and order calculations for the next step begin).

9.3. Thermodynamic Equilibrium Calculations: Module eqcalc.f

Moduleeqcalc.foversees thermodynamic equilibrium calculations at any given point of reaction
progress. It is called once by the main prograg®.f to make these calculations at the initial
point of reaction progress. It is also called by mogbalh.f for each point of reaction progress
the code steps to along the reaction path. Althgagh.f normally determines the step size,
there are some conditions under whécjtalc.fmay also cut or advance the step size.

The difference between a thermodynamic equilibrium calculation in EQ6 and one in EQ3NR is
that EQ6 must find the equilibrium phase assemblage. If a solution is found to be supersaturated
with respect to one or more phases, EQ3NR merely reports this condition. EQ6 must actually pre-
cipitate one or more such phases until no supersaturations remain. Supersaturation with respect
to a phase may be ignored by EQ6 if the phase is suppressed or if precipitation is directed on the
input file to be controlled by a rate law. EQ6 must also be able to delete phases.This is necessary
for two reasons. First, the addition of a phase to the assemblage may turn out to be a mistake.
Second, phases in the equilibrium system occasionally disappear (redissolve) along a reaction
path,

Module eqcalc.ffinds the equilibrium phase assemblage by a trial and error process. This in-
volves making a sequence of thermodynamic equilibrium calculations, each for a provisional
phase assemblage. The variatily is the number of phase assemblages that have been tried for
the current point of reaction progress. Before the phase assemblage is megqdadclfcom-

pares the current valuewtry with the maximum allowed value (tigput file variablentrymx,

which has a default value of 25) nifry is already at this limiggcalc.fwrites an error message

to theoutput and screen files, sets an error flag, and returns execution to the calling module.

Moduleegcalc.fmakes a thermodynamic equilibrium calculation for a given phase assemblage
in a two-step process. First, it may call modypemzr.f, which performs pre-Newton-Raphson
optimization. This is not done if the starting values appear to be quite good (if the initial value of
the residual max nor,,,,is small).Moduleoptmzr.f is crudely analogous to the EQ3NR mod-
ule arrset.f. Such optimization is done only for the first provisional phase assemblage. In the
case of the initial point of reaction progress, this assemblage is specified by what ispatthe
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file. Otherwise, itis the assemblage that was found at the previous point of reaction progress. The
second step is such a calculation is to call the EQLIB motkaon.fto compute the final so-

lution by means of the hybrid Newton-Raphson algorithm that was discussed in Chapter 7 of the
present report. This module in turn calls thedulebetaz.fandmatrxz.f to compute, respec-

tively, the residual functions and the Jacobian matrix. These are analogous to the EQ3NR mod-
ulesbetas.fandmatrix.f. They are known toewton.f as ‘beta€ and “matrxe,” respectively.
Modulenewton.falso calls the modulecmpz.fto expand the system. This routine is known to

it as ‘ncmpe” Module newton.f calls the EQLIB modulagcadv.fto recompute the activity co-
efficients, and EQLIB modulerstep.f to execute a single Newton-Raphson step. For additional
description of the programming of this algorithm, see Chapter 9 of the EQ3NR Theoretical Man-
ual and User’s Guide (Wolery, 1992b).

The above description gives a good picture of the main functiegeafc.f However, the actual
structure and function of this module is somewhat more complicated. When this module is first
entered, it initializes a number of flag variables and some arrays. It saves the entering phase as-
semblage in case it should become necessary to change the step size. This is followed by a return
point (at labell5) for making such a change. There are three cases in which this action occurs:

» The step size is cut if the aqueous solution is supersaturated with respect to more than three
phases. This is done onlyidpt2 = 2 (the code is not locating phase boundaries); the ratio-
nale is to provide some degree of resolution. This is not done if the reaction progress vari-
able is at the starting value or the step size is already at the minimum allowed value
(dlzimn).

» The step size is advanced to step over a small region of computational singularity associat-
ed with critical redox instability.

» The step size is advanced to step over a small region of computational singularity associat-
ed with the appearance or disappearance of a phase.

Moduleeqcalc.fthen steps out to the new point of reaction progress, using the finite difference
based truncated Taylor’s series. If the code is operating in time mode, it calls the tmoehile

to compute the time increment. If there are any e irreversible reactions (“reactants”), it then calls
modulereacts.f This module in turn calls moduiletegr.f to compute the corresponding reac-

tion progress increments. Modukacts.fthen computes from these the component mass bal-
ance totals for the new point of reaction progress.

This action is followed ireqcalc.fby another major return point (lal&8). Code execution re-

turns to this point when either the phase assemblage has been modified. It also returns to this
point if the code is doing a a redox scan (trying to find a starting value for the oxygen fugacity
which will lead to convergence).

At this point,eqcalc.fchecks to see that each mineral in the phase assemblage has a log number
of moles value greater than -999. This is in essence a test to insure that such a phase has a non-
zero starting value for the number of moles (EQ3/6 uses -999 as though it were the log of zero).

If a phase fails to satisfy this test, it is assumed to not be actually present. it is then deleted from
the phase assemblage by means of a call to mathdexz.fand execution flows to the return
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point at labeB5. This mechanism is present only because there is the possibility of the log num-
ber of moles of a mineral phase being -999 on an @G file.

Moduleeqcalc.fthen completes expanding the system (via a cattitgpz.f) and computes start-
ing values for the residual functions (via a cabétaz.f). The code is then ready to make the
thermodynamic equilibrium calculation for the current phase assemblage.

At this point,eqgcalc.fcalls moduleoptmzr.f to carry out pre-Newton-Raphson optimization. It
only does this, however, if the phase assemblage is the entering one. Even then, it is skipped if
the max norm of the residual8,(;,) is less then or equal to the normal corresponding conver-

gence toleranceddlbt). Theneqcalc.fcalls the EQLIB moduleewton.fto carry out hybrid
Newton-Raphson iteration. The architectural details of how this is done were described earlier in
this chapter. Code execution takes one flow if this iteration converges, and another if it fails to
converge.

If hybrid Newton-Raphson iteration converges, execution then flows as followseErate.f
recalculates the component mass balance totals for the aqueous solution. It then calls module
satchk.fto check for supersaturated phases (ignoring phases for which supersaturation is permit-
ted). Phases are considered to be supersaturated only if the corresponding affinities to precipitate
exceed a small non-zero tolerantm®gat). If any are foundeqcalc.fwrites a message to that ef-

fect to theoutput file. It then orders the supersaturated phases in order of decreasing scaled af-
finity. It saves the current values of theector corresponding to the aqueous basis species so

that the present state of the aqueous solution can later be recovered if necessary. It then defines
the phase with the largest scaled affinity as the candidate to add to the phase assemblage.

Before adding this phase to the phase assemblage, hoegea.fchecks the phase assem-

blage modification history. If the same phase was added two cycles previously and deleted on the
previous cycle, the calculation has entered a potential infinite loop in which this phase would be
alternately added and deleted. The problem in such a case is that without the phase present in the
assemblage, the supersaturation exceeds the tolerance. With it present in the assemblage, the cor-
responding number of moles variable during iteration becomes so small in relation to the ma-
chine epsilon and the mass balance totals to which the phase contributes that the Jacobian matrix
is rendered computationally singular. Put another way, the phase should actually be present in
the assemblage. However, the number of moles of this phase is too small to compute with the
given floating point representation.

When this condition (“incoming phase instability”) is recognizggalc.fgoes into a “sliding
forward” mode in which the step size is increased one or more times in an attempt to step over

the region of singularity (which is typically on the order of 1 € 1Miits of reaction progress).

The variablenphaslis the number of times the step size has been increased in a given slide for-
ward sequence. Each time the step size is so increased, execution loops back%oTabkel-

put file variablenpsimx is the maximum number of steps in such a slide. The default value is
12. If the slide forward fails to succeed withipsImx tries, thereqcalc.fwrites an error message

to theoutput and screen files, sets an error flag, and returns execution to the calling module.

If eqcalc.fdoes not detect the condition of incoming phase instability, the code proceeds as fol-
lows. Ifiopt2 = 2 (phase boundaries are not being located), the step size is cut if there are more
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than three supersaturations. This is not done, however, if the reaction progress value is at the
starting value or if the step size is already at the minimum allowed i) . If this step
size cut is made, execution loops back to label

Otherwisegqcalc.fis ready to add the candidate phase the phase assemblage. It estimates a start-
ing value for the number of moles of this phase (and of its end member components if the phase
is a solid solution). This is taken for a phase or a component species as 0.05 times the maximum
amount that could be precipitated from solution. It then calls modotexz.fto add the candi-

date phase to the assemblage. It then checks the phase assemblagetcpagainst the limit

ntrymx . If the limit has not been reachedry is incremented and execution flows back to label

35 and the code attempts an thermodynamic equilibrium calculation for the new phase assem-
blage.

If the calculation converges for a given phase assemblage and there are no remaining supersatu-
rations (except those which may be permitted), #agalc.fdoes the following. If the code is
computing a titration modeh(odI1 = 1) or closed system modeodl1l = 2), the module has
successfully completed its function and execution returns to the calling module. If the code is
computing a fluid-centered flow-through modai(odI1 = 3),eqcalc.fchecks to see if any prod-

uct mineral mass has been redissolved beyond the allowable limit. If not, the module has success-
fully completed its function. If so, howevemrcalc.fwrites a pertinent message to theput

file, sets an error flag, and execution returns to the calling module (which in this particular case
must bepath.f). That module will then in turn go back to the previous point of reaction progress
and partially transfer minerals in the equilibrium system to the physically removed system before
stepping out again.

If the calculation for a given phase assemblage does not coneqogds.fseeks to recover by

one of several possible actions. It first checks the mineral phase assemblage to see if there is a
violation of the mineralogic phase rule. This is done by calling the EQLIB mbddép.f to

check for linear dependence in the mineral mass action rows of the Jacobian matrix. If such a
violation is detectedqcalc.fthen calls modulgibbs.f to determine which phase to delete from

the assemblage. Modudglcalc.fthen resets the values of theector to their values at the start

of the failed iteration. However, the entries corresponding to the deleted phase are removed. Al-
so,eqcalc.fcallsmodexz.fto complete the deletion of this phase from the phase assemblage. The
ntry counter is checked (as discussed above). If it has not already reached the maximum value,
execution flows back to lab8b to make a thermodynamic equilibrium calculation for the new
assemblage.

If there is no violation of the mineralogic phase relgcalc.fcalls modulephsdrp.f to see if a

phase should be deleted from the phase assemblage. This module uses four algorithms in an at-
tempt to identify such a phase (see discussion in Chapter 7). The strongest of these algorithms
identifies a candidate phase for deletion by noting a strong decrease in its calculated number of
moles during the iteration process. Essentially, the number of moles of such a phase is trending
toward zero. However, the use of logarithmic iteration variables does not permit this to actually
become zero or negative.

If a candidate phase is identified, it is first checked to see if it was previously deleted and added
in the two immediately previous changes to the phase assemblage. If so, the code has encountered
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the condition of “outgoing phase instability” This is similar to the condition of “incoming phase
instability” discussed previously. The present condition differs in that a phase which has been
present in the equilibrium system at previous points of reaction progress is redissolving as op-
posed to having been not present previously and now appearing. Onceqgalitfgoes into

a “sliding forward” mode in which the step size is increased one or more times in an attempt to
step over the region of singularity (the process is the same as that described previously).

If a candidate phase for is identified and is not involved in “outgoing phase instability,” this phase

is then deleted from the phase assemblage. This process is the same as that described above for
the case of a violation of the mineralogic phase rule. However, there is a possible exception. if
the deleted phase was added in the immediately preceding change to the phase assemblage and
there were other candidates to add, the phase is not simply deleted. Rather, it is replaced by the
phase which had been the second-place candidate. Execution then flows3@0alveich is a

point at whicheqgcalc.festimates the starting value for the number of moles of the species corre-
sponding to a phase to be added to the assemblage.

The oxygen fugacity can vary widely in value (over more than 80 orders of magnitud€at 25

It can also change rapidly with respect to reaction progress. This condition is commonly encoun-
tered in the middle of a “redox jump,” when a poising (redox buffering) component such as
Oy(aq) Is exhausted, as by reaction with ferrous minerals. However, the existing pre-Newton-

Raphson optimization algorithm is incomplete in that it has no capability to optimize the log ox-
ygen fugacity, which is used in EQ3/6 as an algebraic master variable. If the starting value is off
by more than 10 units, hybrid Newton-Raphson iteration has a tendency to not converge. For this
reasongqcalc.fincorporates the redox scan feature described in Chapter 7.

In order to enter the redox scan mode, the equilibrium calculation must diverge. The algorithms
described above must all fail to find a candidate phase to delete from the phase assemblage. The
step size must be zero (as it is wiegealc.fis called byeq6.1) or the minimum allowed value
(dlzimn). If this condition is not megqcalc.fsets an error flag and execution returns to the call-

ing module. If this i®g6.f, the run terminates unsuccessfully. If the calling modubaib.f, it

responds by cutting the step size, which may eventually reach the minimum allowed value. There
is an exception to the step size test if the code is attempting to “slide forward” over a region of
critical redox instability (see below).

In redox scan mode, the starting value of the log oxygen fugacity is incremented 10 log units per
step in the scan, which covers the range corresponding to the stability field of liquid water. After
each increment, execution flows back to |&®for a thermodynamic equilibrium calculation.

The scan terminates if the calculation converges or if it diverges and one of the phase deletion
algorithms produces a candidate. It also terminates when the scan has covered the allowed range.
If this happens, the system is presumed to be so ill-poised relative to the floating point precision
that the oxygen fugacity simply can not be calculated at the current point of reaction progress.

When this condition (“critical redox instability”) is recognizedjcalc.fgoes into a “sliding for-

ward” mode in which the step size is increased one or more times in an attempt to step over the
region of singularity (which is typically on the order of 1 x*uhits of reaction progress). The
variablenslscis the number of times the step size has been increased in a given slide forward
sequence. Each time the step size is so increased, execution loops back s Tatehput file

- 233 -



variablenssimxis the maximum number of steps in such a slide. The default value is 8. If the
slide forward fails to succeed withimssimxtries, thereqcalc.fwrites an error message to the
output and screen files, sets an error flag, and returns execution to the calling module.
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Appendix A: Glossary of Major Variables in EQ6

This glossary covers the major variables in EQ6 which are unique to this code. A roughly equal
number are shared with EQ3NR. In fact, almost all of the variables used in EQ3NR are also used
in EQG. In order to save space, these variables will not be listed here unless there is some differ-
ence or nuance in the way in which they are used in EQG6, or unless it is desirable to include them
to support immediate cross-reference with closely related variables which are only used in EQ6.
Instead, the reader is referred to the descriptions of variables given in Appendix C of the EQ3NR
User’s Manual (Wolery, 1992b). None of these glossaries includes many variables which are of
a purely local nature, such as a floating point variable used to accumulate sums in a do loop. Log-
arithmic quantities are frequently used in EQ3/6. These all refer to base ten, unless otherwise
specified.

The variable names may be preceded by the corresponding algebraic symbols used in this report,
if any. Following the conventions used universally in the EQ3/6 package, variables beginning
with i, j, k orn are integer, those beginning wghare logical, and those beginning wittare

character variables. Variables beginning with any other letters, includmgm, should bee-

al*8. On 32-bit machines, this correspondsidaible precision on 64-bit machines, this corre-
sponds teingle precision.

Many entries in this glossary are described as either “data file ordered” or “input file ordered”.
The former refers to the indexing of arrays that have been filled by reading the ddtdile,

The latter refers to the indexing of arrays that have been filled by readimgtitdile. Since

the two forms of indexing are not equivalent, EQ6 must correlate them. This is done by mapping
“input file ordered” data into a form which corresponds to “data file ordering,” which is the or-
dering which is used in the code calculations. Most data arrays which are “input file ordered” are
therefore treated as holding arrays and play no further role in the calculation once the data in them
has been mapped to corresponding arrays which are “data file ordered.”

Most arrays in EQ3/6 are dimensioned using FORTRAN parameters. The value of a parameter
is assigned once in a code (in a PARAMETER statement) and can not be changed elsewhere.
Some FORTRAN compilers permit parameters to be passed through calling sequences, but oth-
ers do not allow this, as a means of protecting the parameter’s assigned value. A called module
often requires the dimensions of passed arrays. This is handled in EQ3/6 by the use of “dimen-
sioning variables,” which are ordinary integer variables whose values have been set equal to the
corresponding parameters. The names of the dimensioning parameters in EQ3/6 typically end in
par, pa, orpal. The names of the corresponding dimensioning variables end, respectively, in
max, mx, andmx1. Thus, the dimension of tl&a matrix is given by the pakpar/kmax. The
maximum number of aqueous species is givendtyar/nstmax. The parameter suffixes are

used exclusively by dimensioning parameters. However, the corresponding variable suffixes are
not used exclusively by dimensioning variables. For exantplenx is the maximum number

of Newton-Raphson iterations.

A number of variables and arrays in the EQ6 program are represented by two forms. The first
contains data for the current value of reaction progress. The second contains corresponding data
for the pervious point of reaction progress. This is necessary because EQ6 occasionally runs into
situations which require it to return to the previous point. Also, in stepping to the new point, the
code estimates certain variables at the new point using truncated Taylor’s series expansions about
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the previous point. Variables that store values at the previous point typically@rsdan0 (e.g.
km1 andkm10).

A A

©

N, ji

aa

aff

affrct

afftot

aftarg

akm

binm

cdac

cdrgt

The Jacobian matrix. Dimensionirgga(kpar,kpar). Usageaa(krow,kcol) is the
element corresponding to thkeow -th row and thécol-th column. Note: in EQS,

this is also used in modujgibbs.f to test for violations of the mineralogic phase

rule. In EQ3NR, itis s also used as the matrix that is required for simultaneous so-
lutions in pre-Newton-Raphson optimization.

(1) Affinity of a pure mineral to precipitate, kcal. Dimensioniaff(nmtpar) . Us-
age:aff(nm) refers to the affinity of them-th pure mineral (this is the same usage
as in EQ3NR). (2) This is used as a holding arrag&uz.fto read in data to be
stored in themprmn andmprmx arrays.

Array containing the affinities (kcal) of irreversible reactions. Dimensioning:

affrct(nrctpa) . Usageaffrct(nrc) is the affinity corresponding to the forward di-
rection of thenrc-th irreversible reaction.

The total affinity of overall irreversible reaction, kcal.

The target affinity used to find a phase boundary at which a new phase appears in
the equilibrium system. This is assigned a value midway between those of the super-
saturation tolerance parametéstsst andtolsat. If iopt4t = 0, aftarg defaults to

0.00075 kcal; ifopt4 = 1, to 0.0075 kcal.

A two-dimensional array containing a matrix that relates finite differences of as-
cending order to corresponding derivatives. Dimensiorakgi(nordpa,nordpa).
UsagedzvecO(i) = akm(i,j)*fdz0(j), drelO(i) = akm(i,j)*fdrrO(j) , anddrircO(i) =
akm(i,j)*fdrio(j) .

A two-dimensional array that contains the binomial coefficients up to nmtdpa,
where each index starts at 1 instead of zero. Dimensioliimgr(nordp1,nordpl).
All peculiar values default to 1. Thus,

A three-dimensional array containing exponents that are part of transition state the-
ory or activity product term rate laws for irreversible reactions proceeding in the for-
ward direction (e.g., dissolution). Dimensioniedac(ndctpa,imchpa,nrctpa)
Usagecdac(n,i,nrc) is the exponent of the activity of the-th aqueous species
(wherens = ndac(n,i,nrc) in thei-th mechanism of the rate law for the disappear-
ance of thearc-th irreversible reaction. The data in this array are read fromlog

file.

Array containing the sums of the coefficients of aqueous solute species other than

water and agueous oxygen gas appearing in the reactions for the dissolution of gas
species. Dimensioningdrgt(ngtpar) . Usagecdrgt(ng) is this sum for the reaction
for theng-th gas.
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_’ij

b(p,scale

cdrmt

cdrst

cegs

cemn

cesr

cesrb

cess

cpdac

cplim

cpsigm

cscale

Array containing the sums of the coefficients of aqueous solute species other than

water and aqueous oxygen gas appearing in the reactions for the dissolution of pure
minerals. Dimensioningdrmt(nmtpar) . Usagecdrmt(nm) is this sum for the re-
action for thenm-th pure mineral.

Array containing the sums of the coefficients of aqueous solute species other than
water and agueous oxygen gas appearing in the reactions for the dissociation of an
auxiliary basis or a non-basis aqueous species. Dimensiagrsi(nrstpa). Us-
age:cdrst(nrs) is this sum for thars-th such reaction.

Array containing the elemental composition coefficients of gas species. Dimension-
ing: cegs(nctpar,ngtpar) Usagecegs(nc,ng)s the coefficient of thac-th chemi-
cal element for theg-th gas.

Array containing the elemental composition coefficients of pure minerals. Dimen-
sioning:cemn(nctpar,nmtpar). Usagecemn(nc,nm)is the coefficient of thac-th
chemical element for them-th pure mineral.

Array containing the elemental composition coefficients of special reactants. Di-
mensioningcesr(nctpar,nsrtpa). Usagecesr(nc,nsr)is the coefficient of thac-
th chemical element for thers-th special reactant.

Holding array giving the elemental composition of a special reactant. Dimension-
ing: cesrb(nctpar,nsrtpa). It is read from the input file and is therefore input file
ordered. The data are mapped intodbsr array, which is data file ordered.

Array containing the elemental composition coefficients of aqueous species. Di-

mensioningcess(nctpar,nstpar) Usagecess(nc,ns)s the coefficient of thac-th
chemical element for thes-th aqueous species.

Array containing exponents that are part of transition state theory or activity product

term rate laws for irreversible reactions proceeding in the reverse direction (e.g., pre-
cipitation). Dimensioningcpdac(ndctpa,imchpa,nrctpa) Usagecpdac(n,i,nrc)

is the exponent of the activity of tine-th aqueous species (where=

npdac(n,i,nrc)) in thei-th mechanism of the rate law for the formation ofrihe

th irreversible reaction. The data in this array are read frormpue file.

The maximum number of computing units to be used in a run. It is read from the
input file. Local modifications to the code must be made to implement this feature.

Array containing the “sigma” parameters appearing in transition state theory rate
laws for irreversible reactions proceeding in the reverse direction (e.g., precipita-
tion). Dimensioningcpsigm(imchpa,nrctpa) Usagecpsigm(i,nrc)is the “sigma”
parameter for theth mechanism in the rate law for thes-th irreversible reaction.

It is read from the input file. The “sigma” parameter is the ratio of the affinity of a
macroscopic reaction to the affinity of the corresponding microscopic reaction.

Array containing the affinity scaling factors for pure minerals. Dimensioning:

cscale(nmtpar) Usagecscale(nm)is the scaling factor them-th pure mineral.
These scaling factors are used to determine which of a number of supersaturated
minerals is to be precipitated in an attempt to find an equilibrium phase assemblage.
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A%

s

At

dvy

dg

I=

csigma

delzi

dlogxw

ditime

dizidp

dlzimn

dlzmx1

dlzmx2

drelrO

drircO

dsum

dzpllg

dzplot

Array containing the #sigma” parameters appearing in transition state theory rate
laws for irreversible reactions proceeding in the forward direction (e.g., dissolution).
Dimensioning:csigma(imchpa,nrctpa) Usagecsigmay(i,nrc)is the “sigma” pa-
rameter for thé-th mechanism in the rate law for thec-th irreversible reaction. It

is read from thénput file. The “sigma” parameter is the ratio of the affinity of a
macroscopic reaction to the affinity of the corresponding microscopic reaction.

The step size of the reaction progress.

Array of partial derivatives of the log mole fraction of water with respect to the log
number of moles of the aqueous basis species. Dimensiathiggow(nsgpar). Us-
age:dlogxw(ns)is the partial derivative with respect to theeth basis species. Note
thatdxlogw is defined differently in EQ6 than in EQ3NR, where it is the related ar-
ray of partial derivatives with respect to the log molalities of the solute basis species.

The time step (seconds) corresponding to a step of reaction progress.

The “dump” interval for the flow-through open system mode. It is a user-specified
interval of reaction progress between transfers of product minerals to the physically
removed system. It is read from timput file.

The true minimum step size that the program will use. It is typically two orders of
magnitude less thagizmx1, the step size for zero order.

The maximum step size for order zero. It is specified on the input file.

The maximum step size for orders greater than zero. Itis specified iopthdile.

Array containing derivatives of ascending order for the relative rates of reaction of

irreversible reactions. DimensionirdyelrO(nordpa,nrctpa) . UsagedrelrO(j,nrc)

is thej-th order derivative of the relative rate for tie-th irreversible reaction.

These derivatives are estimates based on finite differences. They provide the means
for representing the relative rates by truncated Taylor’s series.

Array containing derivatives of ascending order for the inverse rate function. Di-

mensioningdrircO(nordpa) . UsagedrircO(j) is thej-th order derivative of the in-
verse rate. These derivatives are estimates based on finite differences. They provide
the means for representing the inverse rate by a truncated Taylor’s series.

Array containing the vector of sums of succeeding reaction progress increments. Di-
mensioningdsum(nordpa). Usagedsum(n) is the sum accumulated to oraer

The logarithmic plot interval in terms of ¢ (reaction progress). It triggers writing a
description of the modeled system to the plot file. This value is specified by the user
on theinput file.

The linear plot increment, in terms of reaction progress. It triggers writing a descrip-

tion of the modeled system to the plot file. This value is specified by the user on the
input file.
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A(nz)

dzprlg

dzprnt

dzvenp

dzvecO

electr

fetrl

fdrio

fdrrO

fdz0

fk

gtr

ibetmx

The logarithmic print interval, in terms of reaction progress. It triggers the writing
of a description of the modeled system todh#put file. This value is specified on
theinput file.

The linear print interval, in terms of reaction progress. It triggers the writing of a de-
scription of the modeled system to thigtput file. This value is specified on tre
put file.

Array containing the predicted values of the first derivatives with respect to reaction
progress of the master iteration variables at a new point of reaction progress. Dimen-
sioning:dzvcnp(kpar). Usagedzvcpn(kcol) is the predicted value for ttkeol-th

master iteration variable. These values are obtained by evaluating truncated Taylor’s
series which are based on backward finite differences.

Array containing the estimated values of the first derivatives with respect to reaction
progress of the master iteration variables at the previous point of reaction progress.
Dimensioning:dzvecO(nordpa,kpar) Usagedzvec(n,kcol)is the estimated value
corresponding to am-th order fit for thekcol-th master iteration value. These values
are obtained by evaluating truncated Taylor’s series which are based on backward
finite differences.

The fixed electrical imbalance carried in the calculations.

Array of factorials up to orderordpl. Dimensioningfctri(nordpl) . Usage:
fetri(n) =nl.

Array of backward finite differences of ascending order, describing the inverse rate
as a function of reaction progress. DimensionfdgO(nordpa) . UsagefdriO(n) is
then-th order difference function. This array used to compute the array of corre-
sponding derivatives]rircO .

Array of backward finite differences of ascending order, describing the relative rates
of irreversible reactions as functions of reaction progress. Dimensioning:
fdrrO(nordpa,nrctpa) . UsagefdrrO(n) is then-th order difference function. This
array is used to compute the array of corresponding derivatixeds() .

Array of backward finite differences of ascending order, describing the rates of
change in the master iteration variables as functions of reaction progress. Dimen-
sioning:fdzO(nordpa,kpar). Usagefdz0(n,kcol) is then-th order difference func-
tion for thekcol-th master iteration variable. It is used to compute the array of
corresponding derivativedzvecQ

Array containing the ratios of effective surface area to total surface area of the reac-
tants associated with irreversible reactions. Dimensioffiifgrctpa) . Usage:

fk(nrc) is ration for thenrc-th irreversible reaction. This array can also be used as
an array of generalized correction factors for the corresponding array of rate con-
stants for all irreversible reactions.

Array containing the elemental composition of the theoretical rock (g/kg). Dimen-
sioning:gtr(nctpar) . Usageagtr(nc) is the number of grams of the-th element per
kg of rock.

The index of the element of theta array having the largest magnitude.
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T4

iexr

iexrt

ifile

iindx0

iindx1

imchmx

imchpa

imech

iodb1, etc.

iopgl, etc.

ioprl, etc.,

ioptl, etc.

ioscan

ipmech

Array containing the indices of reactants associated with irreversible reactions that
have become exhausted (reduced to zero mass) at the current value of reaction
progress. Dimensioningexr(nrctpa) . Usageiexr(i) is the index of théth ex-

hausted reactant

The number of reactants associated with irreversible reactions that have become ex-
hausted at the current value of reaction progress.

A flag variable read from thiaput file. It instructs the code which from which to
read the last half of the #input” for a problem. The normal value is 60, indicating that
theinput file is to be used. If a value of 9 is given, thiekup file is to be used in-
stead.

Copy of theiindx1 array at the previous point of reaction progress. Dimensioning:
iindx0(kpar) . Usageiindx0(kcol) is the index at the previous point of tkeol-th
master iteration variable.

Array containing the indices of species whose masses are used as master iteration
variables. Dimensioningirnidx1(kpar). Usage: fokcol between 1 anésq,

iindx1(kcol) gives the index of an aqueous specieskéot betweerkm1 andkmt,
iindx1(kcol) gives the index of a pure mineral; farol betweerkx1 andkxt,

iindx1(kcol) gives an index of the form 50000 + 10&*+ ik, wherenx is the index

of a solid solution anik is the index of an end member component.

Maximum number of terms in a transition-state theory or activity product term rate
law. This is the variable equivalent to the paramiebehpa.

Dimensioning parameter: the maximum number of terms in a transition state theory
or activity product term kinetic rate law. Smechmx.

Array giving the number of parallel mechanisms in transition state theory or activity

product term rate laws for irreversible reactions proceeding in the forward direction
(e.g., dissolution). Dimensioningnech(nrctpa). Usageimech(nrc) is the number
of mechanisms for therc-th irreversible reaction. It is read from timput file.

Debugging print option switches; see Chapter 5. Some of these switches differ from
those used in EQ3NR.

Activity coefficient option switches; see Chapter 5. These switches are all identical
to those used in EQ3NR.

Print option switches; see Chapter 5.Some of these switches differ from those used
in EQ3NR.

Model option switches; see Chapter 5.Some of these switches differ from those used
in EQ3NR.

Flag switch to control scanning on the oxygen fugacity variable; setting it to -1 on
theinput file turns off scanning.

Array giving the number of parallel mechanisms in transition state theory or activity

product term rate laws for irreversible reactions proceeding in the reverse direction
(e.g., precipitation). Dimensioningamech(nrctpa). Usageipmech(nrc) is the
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number of mechanisms for thec-th irreversible reaction. It is read from tinput
file.

jcode Array specifying the types of the reactants associated with irreversible reactions. Di-
mensioningjcode(nrctpa). Usagejcode(nrc) is the type flag for tharc-th irre-
versible reaction. It is read from thgput file and has the following meanings:

Pure mineral

Solid solution

Special reactant

Aqueous species

Gas

1
A WNPEFLO

jflag A flag that determines whether an auxiliary basis species is treated as a basis species
(iflag(ns) = 0), or a dependent specigtaf(ns) = 30). Dimensioning:
jflag(nstpar). Usagejflag(ns) is the flag for thens-th aqueous basis species read
from the data file. In the present version of Efflég is required to have a value of
30 for all auxiliary basis species.

joflag Array of status flags for gas species. Dimensionjgitag(ngtpar) . Usage:
joflag(ng) is the flag for theng-th gas species:
= 0 Normal status
2 Thermodynamically suppressed
3 Not in the current model

jkflag Array of status flags for solid solution end member components. Dimensioning:
jkflag(iktpar,nxtpar) . Usagejkflag(ik,nx) is the flag for thek-th component of
thenx-th solid solution:
= -10 Saturated, not present as a matrix variable
= -2 Supersaturated
= -1 Saturated, present as a matrix variable
= 0 Normal status
2 Thermodynamically suppressed
3 Not in the current model

jmflag Array of status flags for pure minerals. Dimensionjngflag(nmtpar) . Usage:
jmflag(nm) is the flag for theam-th pure mineral:
-10 Saturated, not present as a matrix variable
-2 Supersaturated
-1 Saturated, present as a matrix variable
0 Normal status
2 Thermodynamically suppressed
3 Not in the current model

jreac Array of status flags for irreversible reactions. Dimensionjiggic(nrctpa). Us-
age:jreac(nrc) is the flag for tmrc-th irreversible reaction:
-1 Saturated, remaining reactant mass continues to react irreversibly
0 Normal status
1 Exhausted
2 Saturated, remaining reactant mass is converted to corresponding
product mineral mass

jsflag Status switch array for aqueous species. Dimensiojsfigg(nstpar). Usage:
jsflag(ns)is the flag for thens-th aqueous species:
= 0 A mineral appears in the current model
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jtemp

jxflag

kct
kdim
kdimO
km1
km10

kmax

kpar
kmt
kmtO

kord

kprs

ksat

ksplmx

ksppmx

kstep

kstpmx

2 Itis thermodynamically suppressed
3 It does not appear in the current model

Temperature tracking flag, read from theut file:
0 Taylor’s series in reaction progresspfl = 0) or time,joptl = 1)
1 Fluid mixing tracking

Array of status flags for solid solutions. Dimensionipdtag(nxtpar) . Usage:
jxflag(nx) is the flag for thenx-th solid solution:
= -10 Saturated, not present as a matrix variable
= -2 Supersaturated
= -1 Saturated, present as a matrix variable
= 0 Normal status
= 2 Thermodynamically suppressed
= 3 Notin the current model
The number of chemical elements present in the Jacobian matrix.
The dimension of the Jacobian matrix.
The value okdim at the previous point of reaction progress.
The first position in the Jacobian matrix corresponding to a pure mineral.
The value okm1 at the previous point of reaction progress.

The maximum number of master variables. This is the variable corresponding to the
parametekpar.

Dimensioning parameter: the maximum number of master variableknfee
The last position in the Jacobian matrix corresponding to a pure mineral.
The value okmt at the previous point of reaction progress.

The maximum allowable order of the finite differences for a given step of reaction
progress.

A flag on theinput file which marks the presence on that file of data for the masses
of phases and components in the physically removed system.

The number of supersaturated pure minerals, ignoring minerals which are sup-
pressed or for which a precipitation rate law is given.

The maximum number of steps between writes to the plot file. This is specified on
theinput file.

The maximum number of steps between writes of a detailed description of the mod-
eled system to theutput file. This is specified on thieput file.

The number of reaction progress steps that have been made.

The maximum number of steps for a problem. This is specified dnghbéfile.
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log N

log Ny

log ng

log ny,

kstppr

kx1

kx10

kxsat

kxt

kxtO

lomn

lomx

loss

lotx

Iscanh

Iscano

mipm

modr

The number of steps since the last print point.

The first position in the Jacobian matrix corresponding to a solid solution end mem-
ber component.

The value okx1 at the previous point of reaction progress.

The number of supersaturated solid-solution phases, ignoring phases which are sup-
pressed or for which a precipitation rate law is given.

The last position in the Jacobian matrix corresponding to a solid solution end mem-
ber component.

The value okxt at the previous point of reaction progress.

Array containing the logarithms of the number of moles of the pure minerals. Di-

mensioninglomn(nmtpar). Usagelomn(nm) is the logarithm of the number of
moles of thenm-th pure mineral.

Array containing the logarithms of the number of moles of the solid solution end

member components. Dimensionihngmx(iktpar,nxtpar) . Usage: dmx(ik,nx) is
the logarithm of the number of moles of iketh component of thax-th solid so-
lution.

Array containing the logarithms of the number of moles of the aqueous species. Di-

mensioningloss(nstpar) Usageloss(ns)is the logarithm of the number of moles
of the nsth aqueous species.

Array containing the logarithms of the number of moles of the solid solutions. Di-

mensioninglotx(nxtpar) . Usagelotx(nx) is the logarithm of the number of moles
of thenx-th solid solution.

The thermodynamic lower limit on the oxygen fugacity (the same as the standard
lower stability limit of liquid water as represented BhpH diagrams).

The thermodynamic upper limit on the oxygen fugacity. (the same as the standard
upper stability limit of liquid water as representediEtmpH diagrams)

Array containing the rates of formation of product minerals forming in partial equi-
librium with a moving aqueous fluid. Dimensionimgipm(kpar) . Usage:

mipm(kcol) is the value for the mineral component (pure mineral or solid solution
component) which is associated with koel-th master iteration variable. This array

is used only in connection with the fluid-centered flow-through system model (spec-

dn
ified by nmodI1 = 3). The quantity is defined aﬁ' , wherés the number of

moles of tha-th mineral component.

Array containing the number of moles of destroyed reactants. Dimensioning:
modr(nrctpa). Usagemodr(nrc) is the number of moles of timec-th reactant that
have been destroyed.
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Ngy

Nre

modrs

moffg

momn

momx

morr

morrs

moss

motx

mprmn

mprmx

msort

mte

mteaq

Array containing the number of moles of destroyed reactants at the previous point
of reaction progress. Dimensioningodrs(nrctpa). Usagemodrs(nrc) is the
number of moles of therc-th reactant that were destroyed at the previous point.

Array containing the number of moles of fictive fugacity-fixing phases to add to the
system. This is specified on thmput file. Dimensioningmoffg(nffgpa). Usage:
moffg(nf) is the number of moles for tié-th such gas.

Array containing the number of moles of minerals. Dimensiomr@nn(nmtpar).

Usagemomn(nm) is the number of moles of timen-th mineral present in the equi-
librium system.

Array containing the number of moles of solid solution end member components.

Dimensioningmomx(iktpar,nxtpar) . Usagemomx(ik,nx) is the number of moles
of theik-th end-member of thex-th solid solution.

Array containing the number of remaining moles of reactants. Dimensioning:
morr(nrctpa) . Usagemorr(nrc) is the number of remaining moles of thre-th
reactant. It appears on thiput file. When a problem is initially defined, the user
uses this to specify the initial number of moles of the reactants.

Array containing the number of remaining moles of reactants at the previous point
of reaction progress. Dimensioningorrs(nrctpa) . Usagemorrs(nrc) is the num-
ber of remaining moles of thec-th reactant at the previous point.

Array containing the number of moles of aqueous species. Dimensioning:

moss(nstpar) Usagemoss(ns)s the number of moles of tins-th aqueous species
present in the equilibrium system.

Array containing the number of moles of solid solutions. Dimensioning:

motx(nxtpar) . Usagemotx(nx) is the number of moles of tmx-th solid solution
present in the equilibrium system.

Array containing the number of moles of pure minerals present in the physically re-
moved system. Dimensioningiprmn(nmtpar) . Usagemprmn(nm) is the num-
ber of moles of them-th pure mineral present in this system.

Array containing the number of moles of end member components of solid solutions
present in the physically removed system. Dimensionimgmx(iktpar,nxtpar) .
Usage:mprmx(ik,nx) is the number of moles of thie-th component in thax-th

solid solution present in this system.

Array containing the number of moles of the aqueous species, in order of increasing
value. Dimensioningmsort(nstpar). Usage: primarily as a storage array required
for the sortingmsort(n) = moss(jsort(n).

Array containing the total number of moles of the chemical elements. Dimension-

ing: mte(nctpar). Usagemte(nc)is the total number of moles of the-th element
in the equilibrium system. This array is data file ordered.

Array containing the total number of moles of the chemical elements present in the

aqueous phase. Dimensionimgteaqg(nctpar). Usagemteaq(nc)is the number of
moles of thenc-th element in this phase. This array is data file ordered.
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NT 4

mteaqb

mteb

mtes

mwtgs

mwtmn

mwtrc

mwtss

nart

ncorr

ndac

ndact

ndctmx

ndctpa

newsat

nffg

Array containing the same information as intieaq array, but input file ordered.
Dimensioningmteagb(nctpar). Usagemteagb(ncb)is the number of moles of the
nch-th element in the aqueous phase read froninbet file.

Array containing the same information as in hie array, but input file ordered.
Dimensioningmteb(nctpar). Usagemte(ncb) is the number of moles of tmeb-
th element read from thaput file.

Array containing the contents of thee array at the previous value of reaction

progress. Dimensioningntes(nctpar). Usagemtes(nc)is the total number of
moles of thenc-th element at the previous point.

Array containing the molecular weights of gas species. Dimensioning:
mwtgs(ngtpar). Usagemwtgs(ng)is the molecular weight of theg-th gas.

Array containing the molecular weights of pure minerals. Dimensioning:
mwtmn(nmtpar) . Usagemwtmn(nm) is the molecular weight of them-th pure
mineral.

Array containing the molecular weights of reactants. Dimensioning:
mwtrc(nrctpa) . Usagemwtrc(nrc) is the molecular weight of therc-th reactant.

Array of molecular weights of aqueous species. Dimensiommgss(nstpar). Us-
age:mwtss(ns)is the molecular weight of thes-th aqueous species.

The number of aqueous species reactants associated with irreversible reactions.

The number of corrector cycles, including step size cuts, to achieve desired accuracy
in the integration of kinetic rate laws.

Array giving the index of an aqueous species whose thermodynamic activity ap-
pears as a factor in a transition theory rate law for an irreversible reaction proceeding
in the forward direction (e.g., dissolution). Dimensioning:
ndac(ndctpa,imchpa,nrctpa) Usagendac(n,i,nrc) is the species index for time

th such species appearing in tith mechanism for therc-th irreversible reaction.

The number of aqueous species whose thermodynamic activities appear in factors
for a transition state theory or activity product term rate law for an irreversible reac-
tion proceeding in the forward direction (e.g., dissolution). Dimensioning: ndact(im-
chpa,nrctpa). Usagedact(i,nrc) is the number of such species for thh

mechanism for tharc-th irreversible reaction.

Maximum number of species whose activities can appear in a transition state theory
or activity product term rate law term. This is the variable equivalemdc¢tpa.

Dimensioning parameter: the maximum number of species whose activities can ap-
pear in a transition state theory or activity product term rate law ternrmdséax.

The number of newly saturated phases (pure minerals plus solid solution end mem-
ber components), excluding suppressed phases.

The number of gases whose fugacities are to be fixed in a problem. This is read from
theinput file.
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nffgmx

nffgpa

ngrt
nh2g

nmchk

nmodIl

nmodI2

nmrt
no2g

nord

nordim

nordmx

nordpa

nordsv

npdac

The maximum number of gas species whose fugacities have been fixed. This is the
variable equivalent toffgpa.

Dimensioning parameter: the maximum number of gas species whose fugacities
have been fixed.

The number of gas species reactants associated with irreversible reactions.
The index of the species hydrogen gas.

Array used to mark pure minerals which are used as reactants associated with irre-
versible reactions. Dimensioningmchk(nmtpar) . Usage: ihmchk(nm) = 1, then
thenm-th pure mineral is used as a reactantniichk(nm) = 0, it is not so used.

Physical model option switch, read from thput file:
= 0 Defaults to 2
= 1 Titration

2 Closed system

3 Fluid-centered flow-through system.

Path tracing option switch, read from theut file:

= 0 Normal path tracing
1 Permits selection of economy mode
2 Permits selection of super economy mode
Economy mode forces larger step sizes, but still finds phase boundaries and other
points of interest. Super economy model does not bother to find such points of inter-
est. Economy mode and super economy model do not work if kinetic mode is select-
ed. Economy mode and super economy mode do not work well in version 7.0 of EQ6
due to present limitations of the performance of the pre-Newton-Raphson optimiza-
tion algorithm.

The number of pure mineral reactants associated with irreversible reactions.
The index of the aqueous oxygen gas species.

The actual order of the finite differences, and hence also that of the truncated Tay-
lor’s series.

The maximum value aford permitted by the user. It is specified on ifneut file.

The maximum order of the finite differences and truncated Taylor’s series. This is
the variable equivalent toordpa.

Dimensioning parameter: the maximum order of the finite differences and truncated
Taylor’s series. Seeordmx.

The saved value aford.

Array giving the index of an aqueous species whose thermodynamic activity ap-
pears as a factor in a transition theory or activity product term rate law for an irre-
versible reaction proceeding in the reverse direction (e.g., precipitation).
Dimensioningnnpdac(ndctpa,imchpa,nrctpa) Usagenpdac(n,i,nrc) is the spe-

cies index for the-th such species appearing in titb mechanism for therc-th
irreversible reaction.
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npdact

nprmn

nprmx

nprsmx

nprspa

npsimx

nrct

nrctmx

nrctpa

nrk

nrndex

nrpk

The number of aqueous species whose thermodynamic activities appear in factors

for a transition state theory or activity product term rate law for an irreversible reac-
tion proceeding in the reverse direction (e.g., precipitation). Dimensioning:
npdact(imchpa,nrctpa). Usagenpdact(i,nrc) is the number of such species for the
i-th mechanism for therc-th irreversible reaction.

The number of pure minerals in the physically removed system. This is read from
theinput file.

The number of solid solution end member components in the physically removed
system. This is read from theput file.

The maximum number of species in the physically removed system. This is the vari-
able equivalent taprspa.

Dimensioning parameter: the maximum number of species in the physically re-
moved system. Segrsmx.

The maximum number of attempts sliding forward in reaction progress to get over
a critical region around a phase boundary. This is specified amghefile (A zero
defaults to 3, and a value of -1 inhibits such sliding).

The total number of irreversible reactions.

The maximum number of irreversible reactions. This is the variable equivalent to
nrctpa.

Dimensioning parameter: the maximum number of irreversible reactions. See
nrctmx.

Array specifying the rate law type to use for an irreversible reaction proceeding in
the forward direction (e.g., dissolution). This is read fromiripeat file. Dimension-
ing: nrk(nrctpa) . Usagenrk(nrc) is the flag for thearc-th irreversible reaction:
= -1 Use the specified reverse rate law
lllegal value
Relative rate expression
Transition state theory
Specified (fixed) rate
Activity product term rate law

1
A WNPEFLO

Array giving the species indices of the reactants associated with irreversible reac-
tions. Dimensioningnrndex(nrctpa). Usagenrndex(nrc) is the species index of
thenrc-th reactant.

Array specifying the rate law type to use for an irreversible reaction proceeding in
the reverse direction (e.g., precipitation). This is read fronmin file. Dimen-
sioning:nrpk(nrctpa) . Usagenrpk(nrc) is the flag for thearc-th irreversible re-
action:

Use the specified forward rate law
Instantaneous partial equilibrium
Relative rate expression
Transition state theory
Specified (fixed) rate
Activity product term rate law

1
NwNROR
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nsk

nsrt

nsrtmx

nsrtpa

nssimx

ntab

ntabs

ntabx

ntitl1

ntitl2

nxchk

nxopex

nxopmx

nxoppa

nxopt

nxpemx

nxpepa

nxridx

Array of flags for treating the surface areas of the reactants associated with irrevers-
ible reactions. Dimensioningisk(nrctpa). Usagensk(nrc) is the flag for thearc-
th irreversible reaction:

= 0 Fixed surface area

= 1 Fixed specific surface area.

The number of special reactants.

The maximum number of special reactant species. This is the variable equivalent to
nsrtpa.

Dimensioning parameter: the maximum number of special reactant species. See
nsrtmx.

The maximum number of steps sliding forward to get over a critical region of redox
instability (A zero defaults to 3, and a -1 inhibits sliding). It is read froninibet

file.

Device number for th&ab file.

Device number for theabs file.

Device number for theabx file.

The number of lines in the problem title given onitiut file.

The number of lines in the title on thgout file carried forward from a previous run.
Array used to mark solid solutions which are used as reactants associated with irre-
versible reactions. Dimensioningxchk(nxtpar) . Usage: ihxchk(nx) = 1, then the
nx-th solid solution is used as a reactanhXd€hk(nx) = 0, it is not so used.

The number of exceptions to a pure mineral subset-selection suppression option.
This is read from thenput file. The names of the exceptions are read into the

uxopexarray.

The maximum number of subset-selection options for suppressing pure minerals.
This is the variable equivalent to the paramatappa.

Dimensioning parameter: the maximum number of subset-selection options for sup-
pressing pure minerals. Seeopmx.

The number of mineral subset-selection suppression options to be executed. This is
read from the input file.

The maximum number of specified exceptions to a pure mineral subset-selection
suppression option. This is the variable equivalent to the paramegtepa

Dimensioning parameter: the maximum number of specified exceptions to a pure
mineral subset-selection suppression option.rS&@emx

Array giving the solid solution index of a solid solution reactant associated with an

irreversible reaction. Dimensioningxridx(nxrtpa) . Usagenxridx(nxrt) is the
normal solid solution index of thexrt-th solid solution reactant.
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nxrt

nxrtmx

nxrtpa

gcorr

gdump

gecon

gfcp2

gflag

gmod

gnochb

gnocor

gnocut

gphasl

gpmode

gprint

ggmode

griinf
gscon

gsmode

gtayli

The number of solid solution reactants associated with irreversible reactions.

The maximum number of solid solution reactants associated with irreversible reac-
tions. This is the variable equivalent to the parameteipa .

Dimensioning parameter: the maximum number of solid solution reactants associ-
ated with irreversible reactions. Seertmx.

Logical flag which is true if the corrector tolerance is satisfied.

Logical flag which is true if product mineral mass is to be transferred to the physi-
cally removed system.

Logical flag which is true if the code is operating in economy mode.

Logical flag which is true if assumed phase assemblage in the equilibrium system
violates the apparent phase rule.

Logical flag which is true if the temperature is changing with reaction progress and
has just crossed 100.

Logical flag which is true if the equilibrium phase assemblage has just been
changed.

Logical flag which is true if the charge balance constraint is not active.

Logical flag which is true when no corrector cycles are to be done, even if the cor-
rector tolerance is not satisfieghpcor = ggmode .or. gsmode .or. gpmode

Logical flag which is true if no step size cuts are to be made to satisfy the corrector
tolerance nocut = gsmode.or. gpmodg

Logical flag which is true if eqcalc.f just slid forward in reaction progress avoid nu-
merical instability associated with a phase entering or leaving the equilibrium phase
assemblage.

Logical flag which is true iffphaslwas set to true in the most recent call to module
eqcalc.f

Logical flag which is true if a detailed description of the state of the reacting system
is to be written to theutput file at the current point of reaction progress.

Logical flag which is true if Newton-Raphson iteration has failed and cannot be
made to work at the current point of reaction progress.

Logical flag which is true if time has reached infinity.

Logical flag which is true if the code is running in super economy mode.
Logical flag which is true if the code is in redox scanning mode.

Logical flag which is true if “linear” instead of “logarithmic” Taylor’s series are to

be employed to represent the change in master iteration variables with increase in
reaction progress.
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gtime
rirecO
rirecl

rirecp

rk

rpk

rreacO

rreacl

rrelrO

rrelrl

rrelrp

rxbar

rxbarb

Logical flag which is true if the limit on computing units is close to being exceeded.
The inverse rate (seconds/mole) at the previous point of reaction progress.
The inverse rate at the current point of reaction progress.

The predicted value of the inverse rate at a new point of reaction progress, based on
backward finite differences expressed as a truncated Taylor’s series.

Array of rate constants for irreversible reactions proceeding in the forward direction
(e.g., dissolution). This is read form timput file. Dimensioning:

rk(imchpa,nrctpa) . Usagerk(i,nrc) is the forward rate constant for thth mech-
anism of thenrc-th irreversible reaction. The exact meaning of the values depends
on the actual rate laws used. Seke.

Array of rate constants for irreversible reactions proceeding in the reverse direction
(e.g., precipitation). This is read form timput file. Dimensioning:
rpk(imchpa,nrctpa) . Usagerpk(i,nrc) is the reverse rate constant for thh
mechanism of tharc-th irreversible reaction. The exact meaning of the values de-
pends on the actual rate laws used. I5pé& .

Array of reaction rates of the irreversible reactions at the previous point of reaction

progress. DimensioningreacO(nrctpa). UsagerreacO(nrc) is the rate at that point
of thenrc-th irreversible reaction.

Array of reaction rates of the irreversible reactions at the current point of reaction

progress. Dimensioningreacl(nrctpa). Usagerreacl(nrc) is the rate of tharc-
th irreversible reaction.

Array of relative rates of the irreversible reactions at the previous point of reaction

progress. DimensioningrelrO(nrctpa) . UsagerrelrO(nrc) is the relative rate at
that point of thenrc-th irreversible reaction.

Array of relative rates of the irreversible reactions at the current point of reaction

progress. Dimensioningrelrl(nrctpa) . Usagerrelrl(nrc) is the relative rate of
thenrc-th irreversible reaction.

Array of predicted values of relative rates of irreversible reactions at a new point of

reaction progress. Dimensioningelrp(nrctpa) .Usagerrelrp(nrc) is the predict-
ed relative rate of therc-th irreversible reaction.

Array of mole fractions of end member components in solid solution reactants asso-
ciated with irreversible reactions. Dimensioningoar(iktpar,nxrtpa) . Usagerx-
bar(ikb,nxr) is the mole fraction of thi&b -th end-member of thexr-th solid

solution reactant. The first dimension of this array is data file ordered.

Array of mole fractions of end member components in solid solution reactants asso-
ciated with irreversible reactions. Dimensioningparb(iktpar,nxrtpa) . This is

read from thenput file. Usagerxbar(ikb,nxr) is the mole fraction of thi&b-th
end-member of thexr-th solid solution reactant. The first dimension of this array

is input file ordered. This array is used to set uprthar array.

- 259 -



H

sp ' zr

aj

scmax

screwl

screw?2

screw3

screw4

screwb

screw6

sk

ssk

storl

SX

tcnstl

Array of step size scaling factors corresponding to different possible orders of pre-
dictor functions based on finite differences. Dimensiongmgnax(nordpl) Usage:
scmax(n)is the factor for tha-th order.

Setscrew variable used to determine the order and step size. It bounds the absolute
value of the highest order term in any truncated Taylor’s series used to describe a
master iteration variable. This variable is read fromirtipet file. It has a default

value of 0.0001.

Not currently used.

Setscrew variable used to determine the order and step size. It bounds the absolute
value of the highest order term in any truncated Taylor’s series used to describe a
kinetic rate function. This variable is read from itygut file. It has a default value

of 0.0001. It also serves a function similar to thaga&w4in testing the estimated

error in the absolute time or the reaction progress variable of any individual irrevers-
ible reaction after a step has been made to see if corrective action is required. If either
of thescrew3or screw4tests are satisfied, no corrective action (corrector iteration

or step size cuts) is taken.

The tolerance parameter for corrective action (corrector iteration or step size cut)
used to insure accurate integration of kinetic rate functions. It bounds the magni-
tudes of the differences between rate functions estimated at the new point of reaction
progress from the actual rate expressions and corresponding values predicted by us-
ing finite differences. It is read from tleput file. It has a default value of 4.0.

An under-relaxation control parameter which bounds the magnitude of the largest
applied Newton-Raphson correction term on any given iteration. It is read from the
input file.It has a default value of 4.0.

Setscrew variable used to control the step size in economy mode. It bounds the pre-
dicted change in a master iteration variable. It is read frormghs file. It has a
default value o#.0

Array of surface areas (Gnof reactants associated with irreversible reactions. Di-
mensioningsk(nrctpa). Usagesk(nrc) is read from thénput file if nsk(nrc) = 0;
otherwise, it is calculated frossk(nrc).

Array of specific surface areas (61@\) of the reactants associated with irreversible
reactions. Dimensioningsk(nrctpa). Usagessk(nrc)is read from théput file if
nsk(nrc) = 1; otherwise, it is calculated frosi(nrc).

TheHg, or H,, factors defined in Chapter 8. Dimensionisgpri(nrstpa). Usage:

storl(nrs) is the factor for thars-th reaction. Note that these are defined in terms
of moles in EQ6, whereas they are defined in terms of molalities in EQ3NR

Array containing partial derivatives of expressions for the logarithms of the activity

coefficient of solid solutions end member components with respect to mole fractions
appearing in the expressions. Dimensiongxdiktpar,iktpar) . Usagesx(ik,ikk) is

the derivative ofamlg(ik,nx) with respect toxbar(ikk,nx) , wherenx denotes the
current solid solution.

The number of seconds per day (86,400).

- 260 -



kr3

log t

tcnst2
tdays
tempc

tempcO

tempci

tempk
time
timemx
times

tk1

tk2

tk3

tlogd
tlogs

tlogyr

tolaft

told

The number of days per year (365.25).
The time (days).
Temperature;C.

The temperature’C) at§ = 0 in non-kinetic mode, &t= 0 in kinetic mode. This
variable is read from thiaput file.

The temperature’C) at the end of the previous EQ3NR or EQ6 run. It is used to
detect temperature jumps. This variable is read froninghet file.

The absolute temperatur¥j.

The time (seconds) at the current point of reaction progress.
The desired maximum value of time (seconds).

The time (seconds) at the previous point of reaction progress.

The first temperature tracking coefficient. Its meaning is determined by the values

of ioptl andjtemp flag. If temp = 1, the temperature changes according to a fluid
mixing model andk1 is the ratio of the mass of the starting aqueous solution to that

of the aqueous solution being treated as a reactant. Usually both masses are close to
1 kilogram, so the value ¢i1 is close to unity. Ifemp = 0, thertk1 is a first-order
polynomial coefficient. lfoptl = 0, the polynomial is one in reaction progress; if

ioptl = 1, it is one in time (seconds).

The second temperature tracking coefficient. Its meaning is determined by the val-
ues ofioptl andjtemp flag. If jtemp = 1, the temperature changes according to a
fluid mixing model and tk2s the temperature of the fluid which is being treated as

a reactant (anetmpcOis the temperature of the other fluid prior to mixing)tdfp

=0, thentk?2 is a second-order polynomial coefficientidptl = O, the polynomial

is one in reaction progress;idfptl = 1, it is one in time (seconds).

The third temperature tracking coefficient. Its meaning is determined by the values
of ioptl andjtemp flag. If temp = 1, the temperature changes according to a fluid

mixing model andk3 is not used. Itemp = 0, thertk3 is a third-order polynomial
coefficient. Ifioptl = 0, the polynomial is one in reaction progresgitl = 1, it

is one in time (seconds).

The logarithm of the time (days).

The logarithm of the time (seconds).

The logarithm of the time (years).

The tolerance about the target affiniaftérg), used in finding the step size, accord-
ing to finite differences, corresponding to a phase boundary at which a new phase
appears in the equilibrium system. This variable is stti$st - aftarg, so the cor-
responding range in which the affinity is desired to fall runs froisat to tolsst

The temperature’C) at the previous point of reaction progress.
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tolbt
toldl

tolsat

tolsst

tolx

tstrt
tyears
tzero
uall
ualwth
uaq
ubas
ublank

udac

uelect

uelemb

uendb

uendit

Convergence bound dretamx.

Convergence bound atelmax.

The value of the affinity (kcal) to precipitate, below which EQ6 will not attempt to
actually form the phase as part of the equilibrium system. This is read framptihe

file. If iopt4 = 0, the default value for this is 0.0005 kcalolft4 = 1, the default is

0.005 kcal.

The value of the affinity (kcal) to precipitate, above which EQ6 will cut the step size

in order to accurately locate a phase boundary at which a phase appears in the equi-
librium system. This is read from theput file. Its value must exceed thattofsat.

Its default value is twiceolsat.

A generalized search/find tolerance parameter, used for a variety of specific purpos-
es. Itis read from thimput file. Its default value is set equaltubt.

The time (seconds) at the start of execution of a problem.

The time (years) at the current point of reaction progress.

The last temperaturé@) at which temperature dependent data were evaluated.
The string "all'.

The string "alwith'.

The string “aqueous species”.

The string “basis variable”.

A blank string.

Array of names of species whose activities appear as factors in certain kinetic rate
laws for irreversible reactions proceeding in the forward direction (e.g., dissolution).
Dimensioningudac(ndctpa,imchpa,nrctpa) Usageudac(n,i,nrc) is the name of
then-th species appearing in théh mechanism or term in the rate law for tire-

th irreversible reaction. Note that the first dimension is input file ordered. The actual
species index is given mdac(n,i,nrc). This is read from thimput file. Theudac

array is used to set up thdac array.

The string 'electr'.

Array containing the names (symbols) of chemical elements, as read frompuhe

file. Dimensioninguelemb(nctpar). Usageuelemb(ncb)is thencb-th element

read from the data file. Note that this array is input file ordered.

Array containing the names of end member components of solid solution reactants
associated with irreversible reactions. Dimensionirggdb (iktpar,nxrtpa) . Us-
age:uendb(ikb,nxr) is theikb -th component of thexr-th solid solution reactant.

This is read from thaput file. Note that both dimensions are input file ordered.

The string 'endit.".
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uerror

uesrb

uffg

ufix
ugs
uh2g
uinv
umn
unone
uo2g

updac

uprs

ureac

urel
usr
uss

utitll

The string 'error’.

Array containing the names (symbols) of chemical elements of which are composed
special reactants. Dimensioninggsrb(nctpar,nsrtpa). Usageuesrb(ncb,nsr)is

the name of thacb-th element making up thesr-th reactant. It is read from thre

put file. Note that the first dimension is input file ordered.

Array containing the names of the gases whose fugacities are to be fixed. Dimen-
sioning:uffg(nffgpa). Usageuffg(nf) is thenf-th such gas. This is read from the
input file.

The string 'fix".

The string 'gases'.

The string 'h2(g)'".

The string ‘inverse rate'.

The string 'minerals’.

The string 'none’.

The string '02(g)'".

Array of names of species whose activities appear as factors in certain kinetic rate
laws for irreversible reactions proceeding in the reverse direction (e.g., precipita-
tion). Dimensioningupdac(ndctpa,imchpa,nrctpa) Usageupdac(n,i,nrc) is the

name of then-th species appearing in théh mechanism or term in the rate law for
thenrc-th irreversible reaction. This is read from thput file. Note that the first
dimension is input file ordered. The actual species index is given by
npdac(n,i,nrc).Theupdac array is used to set up thpdac array.

Array of names of pure minerals and solid solution end member components in the
physically removed system. Dimensioningars(nprspa). Usageuprs(nprmx) is

the name of theprmx-th such entity. This is read from thgput file. If the entity

is a pure mineral, its name appears in the first twelve characters. If it is an end mem-
ber component of a solid solution, the component name appears in the first twelve
characters and the solid solution name in the second twelve characters.

Array of names of the reactants associated with irreversible reactions. Dimension-
ing: ureac(nrctpa). Usageureac(nrc) is the name of therc-th such reactant.

The string 'relative rate'.
The string 'special reactants'.
The string 'solid solutions'.

An array which is the main title of the problem. Dimensioningl1(ntitpa) . Us-
age:utitlL(n) is then-th line of the title. This is read from tlirgput file.
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utitl2

uxcat

uxopex

uxopt

uxtype

uzvecO

uzvecl

volmn

volxx

vreac

xlkffg

zil
zi2
Zi3

zidump

zimax

An array which is the title from the previous EQ3NR or EQ6 run. Dimensioning:
utitl2(ntitpa) . Usageutitl2(n) is then-th line of this title. This is read from the-
put file.

Array of character strings containing the names of chemical elements used to com-
plete the definition of pure mineral subset-selection suppression options. Dimen-
sioning:uxcat(nxoppa). Usageuxcat(n) is then-th such element. This is read from
theinput file.

Array of names of pure minerals which are to be exceptions to pure mineral subset-
selection suppression options. Dimensionimppex(nxpepa) Usageuxopex(n)
is then-th such exception. This is read from thput file.

Array of character strings defining pure mineral subset-selection suppression op-
tions. Dimensioninguxopt(nxoppa). Usageuxopt(n) is then-th such option.

Array containing strings which describe models for the activity coefficients of solid
solution end member components. Dimensioningype(10) Usageuxtype(n) is
then-th such model. Such models are specified bysiblelag array (see Appendix

C of the EQ3NR User’s Manual, Wolery, 1992b).

Array of names of the master iteration variables at the previous point of reaction
progress. DimensioningizvecO(kpar). UsageuzvecO(kcol)is the name of the
kcol-th such variable at that point.

Array of names of the master iteration variables at the current point of reaction

progress. Dimensioningizvecl(kpar). Usageuzvecl(kcol)is the name of the
kcol-th such variable.

Array of the volumes (cf) of pure minerals in the equilibrium system. Dimension-
ing: volmn(nmtpar) . Usagevolmn(nm) is this volume for them-th pure mineral.

Array of the volumes (cf) of solid solutions in the equilibrium system. Dimension-
ing: volxx(nxtpar). Usagevolxx(nx) is this volume for th@x-th solid solution.

Array of the molar volumes (c?imol) of the solid reactants associated with irre-
versible reactions. Dimensioningreac(mrctpa). Usagevreac(nrc) is the molar
volume of thenrc-th reactant, if it is a solid. If it is not a solideac(nrc) is set to

zero.

Array of logarithms of the desired fixed fugacities of specified gases. Dimensioning:
xlkffg(nffgpa) . Usagexlkffg(nf) is the desired log fugacity of tiné-th such gas.

This is read from thenput file.

The value of reaction progress at the current point.

The value of reaction progress at the previous point.

The value of reaction progress at the point preceding the previous point.

The next value of reaction progress at which mass belonging to solid phases in the
equilibrium system is to be transferred to the physically removed system.

The maximum desired value of reaction progress. This is read froimpilnefile.

- 264 -



ziprl

zipr2

zirct

zircts

zistrt

zkfac

zklgmn

zklogl

zklogu

zvclgo

zvclgl

The next value of reaction progress at which the linear print intedzptrt) re-
quires the writing to theutput file of a detailed description of the state of the mod-
eled system.

The next value of reaction progress at which the logarithmic print intetzatl)
requires the writing to theutput file of a detailed description of the state of the
modeled system.

Array of reaction progress variables for individual irreversible reactions at the cur-

rent point of reaction progress. Dimensioniagct(nrctpa) . Usagezirct(nrc) is
the progress variable for timec-th irreversible reaction.

Array of reaction progress variables for individual irreversible reactions at the pre-

vious point of reaction progress. Dimensioniagcts(nrctpa). Usagezircts(nrc)
is the progress variable at the previous point fontigeth irreversible reaction.

The value of the reaction progress variable at the start of a problem.

A control parameter used in connection with the fluid-centered flow-through open
system mode. It is read from thput file. It determines the minimum number of
moles of a mineral that will be left in the equilibrium system after a partial shift to

the physically removed system. The minimum number of moles i (where
zklgmn = alog10(zkfac) + zklogu) If the number of moles of a phase is less than
this to start with, none of it is removed from the equilibrium system.

The minimum logarithm of the number of moles of a solid phase in the equilibrium
system after a partial shift to the physically removed system. This value is calculated
from zkfac andzklogu, which are both read from tleput file. Seezkfac.

A variable which controls the extent of partial transfers of solid phases from the
equilibrium system to the physically removed system. It is read fromphbé file.
The number of moles of a solid phase in the equilibrium system is reduced by a fac-

tor of 1071°9! Thus, settingklogl = 2 transfers 99% of the mass, and setting it to 3
transfers 99.9%. Values between 2.0 and 4.0 are recommended.

A threshold/target value for the logarithm of the number of moles of solid phases.
Usage: (1) when the log mass of a phase exceeds this value, EQ6 limits the step size
to keep the corresponding truncated Taylor’s series accurate according to the crite-
rion using thescrewlvariable; (2) this variable is the target value of the logarithm

of the number of moles of a solid phase when trying to use truncated Taylor’s series
to locate a phase disappearance boundary; (3) in the fluid-centered flow-through
open system modeklogu also defines the maximum number of moles of a solid
phase that may be redissolved. Reasonable values range from -6. to -10.

Array of logarithmic master iteration variables at the previous point of reaction
progress. DimensioningvclgO(kpar). UsagezvclgO(kcol)is the value for the
kcol-th master iteration variable.

Array of logarithmic master iteration variables at the current point of reaction

progress.Dimensioningvclgl(kpar). Usagezvclgl(kcol)is the value of thicol-
th logarithmic master iteration variable.
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IN

zvclgi

zvecO

zvecl

Array of values of logarithmic master iteration variables as read frompghefile.
Dimensioningzvclgi(kpar). Usagezvclgi(kcol) is the value of th&col-th loga-
rithmic master iteration variable.

Array of values of linear master iteration variables at the previous point of reaction
progress. DimensioningvecO(kpar). UsagezvecO(kcol)is the value of th&col-
th such linear master iteration variable.

Array of values of linear master iteration variables at the current point of reaction
progress. Dimensioningvecl(kpar). Usagezvecl(kcol)is the value of th&col-

th linear master iteration variable.Nomec1(kcol) = 18velgi(kcol)

- 266 -



Appendix B. Glossary of EQ6 Modules

EQ6 is a fairly large code. The source code consists of the main program and a number of sub-
routines. In addition, EQ6 uses a number of modules from the EQLIB library. These are de-
scribed in the EQ3/6 Package Overview and Installation Guide (Wolery, 1992a). The modules
are described asf" files, as this is how they are normally worked with under a UNIX operating
system. For a description of the code architecture, see Chapter 9.

affunc.f

akmatr.f

balcmz.f

balcnz.f

balcsz.f

betaz.f

compl.f

deriv.f

derspc.f

echoz.f

eq6.f

This module is a function called bytaz.f, satchk.f, andsfncaf.f. It computes the affinity (kcal/mol),
defined as 2.30BT log Q/K) for a given mineral. The activity produ@tand the equilibrium constant

K are defined for the dissolution reaction, but the affinity as calculated is for the precipitation reaction.
The logarithm of the equilibrium constant is givendiym(nm) , wherenm is the index of the mineral.

If its value of greater than or equal to 500, a “no data” condition is defined and the vaffimofis
returned as -999.

This module is called bgath.f. It computes thakm matrix, which relates finite differences to deriv-
atives.

This module is called bgnatrxz.f. It builds a pure mineral mass action row for the Jacobian matrix.

This module is called bgnatrxz.f. It builds either a mass balance or a charge balance row for the Ja-
cobian matrix. It is analogous to the EQ3NR modaion.f.

This module is called byatrxz.f. It builds a solid solution end member component mass action row
for the Jacobian matrix.

This module is called bgqgcalc.f optmzr.f, path.f, and the EQLIB modulesewton.f andnrstep.f
(these latter two modules call itlastae). It computes the residual functioms 3, andB,,5,. The call-
ing sequence of this routine must be identical in form to that of the EQ3NR nimdatef

This module is called bgcripz.f. It calculates the values of many secondary parameters for subse-
quent output bycripz.f.

This module is called byath.f. It calculates finite-difference estimates of the derivatives of master
iteration variables from finite differences.

This module is called bgcmpz.f. It calculates the number of moles of dependent agqueous species,
using the corresponding mass action expressions. It also calculates the equilibrium fugacities of rele-
vant gas species.

This module is called bgq6.f It writes a description of the input problem on thput file. Unlike

the “instant echo” of thaput file, this description includes data file statistics, any default values that
were chosen by EQ6, and any changes iringhet constraint options made by the code to resolve in-
consistencies among these constraints or with truncation limits imposed on certain run parameters. It
is analogous to the EQ3NR mod@lehox.f

This is the main program of EQS6. It connects the necessary files éxgep({ datal, output, pickup,

tab, andtabx). It sets up a run by initializing arrays to appropriate initial values. It performs certain
checks on the input, sets up default values as necessary for run parameters, and directly oversees the
calculation of the state of the modeled system at the initial point of reaction progress. If calculations
are to be made at succeeding points (i.e., a reaction path is to be computed)atlcadlte oversee

the rest of the calculations. Theq6.fmakes a call to write thaickup file, which is annput file for

restarting the calculation.
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egcalc.f This module is called bgg6.fandpath.f. It finds the state of a system at full or restricted chemical
equilibrium. The system is defined by elemental composition (determined byteteray), temper-
ature and pressure. This module calls the EQLIB madeteon.f, which uses a hybrid Newton-
Raphson method to solve the relevant equations for a given phase assemblage.

escalc.f This module is called byath.f andshftz.f. It recomputes the component totatgd array) for the
equilibrium system.

evratc.f This module is called bgg6.fandtstep.f. It evaluates rate constants as functions of temperature, as-
suming either a constant activation energy or a constant activation enthalpy for each rate constant.

fittst.f This module is called byath.f. It executes thdb10 andiodb11 debugging options if they were set
on theinput file. It compares the results of truncated Taylor’s series expansions with equivalent finite
difference expansions.

flgstz.f This module is called bindatl.f. It sets up the species status switch arjsfiag, jmflag, jkflag,
jxflag, andjgflag. It is analogous to the EQ3NR modiltgstx.f.

glxrn.f This module is called byndatl.f. It matches names read from thput file with those read from the
datalfile. Thedatal indices of the reactants read from thgut file are stored in tharndex array.

gmte.f This module is called bindatz.f. It matches the element names read fromiripat file with those
read from thelatal file. When a match is found, the two corresponding element mass balance totals
(mteb(ncb)andmteagb(ncb)read from theénput file are respectively stored mte(nc) and
mteaq(nc), wherenc is thedatal index corresponding tocb.

ibswch.f This module is called bindatl.f. It matches the basis species names read fromghe file into the
undmsandunrms arrays with the names read from tteal file. Theundms array contains the
names of data file basis species. Thems array contains the names of corresponding species to be
used as basis species in the run. If corresponding names are not the same, and the string read into the
undmsarray is not blank, then the data specify a basis switch to be made.

indatl.f This module is called biypdatz.f. It carries out various setup functions afteritiput anddatal files
have been read. These functions include: carrying oubtdmed alter/suppress options; finding the
datalindices of basis species names read froninget file; finding thedatal indices of reactants
listed on thenput file; finding thedatal indices of chemical elements listed onitijgut file as com-
posing special reactants; finding thetal indices of end member components specified omitg
file as making up solid solution reactants;carrying out initial basis switching, if any; setting up species
status flags; creating fictive pure minerals for gases whose fugacities are to be fixed, and setting these
up in the equilibrium system; recalculating the initially specified mass balance totals, if needed; read-
ing the Pitzer parameters, if Pitzer’s equations are to be used, and buiIo?hg amiuijk index ar-
rays; calculating the array of values of one-half the charge squared for aqueous species; and initializing
the values ofA sums for the different charge types to zero.

indatz.f This module is called bgq6.f It reads the data fileatal. It is analogous to the EQ3NR module
indatx.f.

initév.f This module is called byd6new.f. It initializes values foinput file parameters before the input on a
“D” format input file is read. It is analogous to the EQ3NR modnit3v.f.

inndx.f This module is called bindatl.f. It matches the names of basis species read fromphe file

(undms array) with names read from tdatal file. The array of correspondirdatal indices is
stored in théindx1 array. Values of associated parameters are stored avehgl array.
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integr.f

igibbs.f

killt.f

matrxz.f

modexz.f

mshift.f

ncmpz.f

ncmpz2.f

nlkffg.f

ophelp.f

optmzr.f

pabssw.f

path.f

This module is called bpath.f, reacts.f andsfncre.f. It integrates a relative rate in order to calculate
the advancement of the irreversible reaction corresponding to a given reactant.

This module is called bgqcalc.f It is called when the equilibrium phase assemblage violates the ap-
parent or mineralogic phase rule. This module determines which phase should be dropped from the
current assemblage. It has not been extended to handle solid solutions.

This module is called bggcalc.f This is an interactive routine that “kills” a matrix variable by treating
it as a known constant. This is used strictly for debugging by code developers.

This module is called by the EQLIB routinestep.f (which calls it by the name ofiatrxe). It com-
putes the Jacobian matrid) (It is analogous to the EQ3NR modutetrix.f .

This module is called bgqcalc.f indatl.f, andpath.f. It modifies the matrix indexing as required to
satisfy basis switching or changes in the equilibrium phase assemblage.

This module is called bgath.f andshftz.f. It shifts the mass of a pure mineral in the equilibrium sys-
tem to the physically removed system. This shift can be total or partial. This module does not recalcu-
late the component total masses for the equilibrium system. To desba¢c.fmust be called after

one or more mineral phases have been shifted.

This module is called bgq6.f, eqcalc.f optmzr.f, path.f, sfncaf.f and the EQLIB modulesgcadv.f
andnrstep.f (which call it by the name afcmpe). It computes all parameters that derive from the
primary iteration variables and are necessary to write the Jacobian matrix (e.g., the number of moles,
concentrations, and activities of the species present in the equilibrium system). This is analogous to
the EQ3NR modulacmpx.f.

This module is called bycmpz.f. It computes from the basis set data inzhelglarray various sec-
ondary variables describing the solid phases in the equilibrium system.

This module is called bypdatl.f. It sets up a fictive pure mineral for fixing the fugacity of a specified
gas. The fugacity is actually fixed only if the fictive mineral is in equilibrium with the aqueous system.
Otherwise, the fugacity may be less than the specified fugacity value.

This module is called bgptmzr.f. It prints various optional debugging information and calls the
EQLIB modulegbfac.fto obtain some of the parameters required for pre-Newton-Raphson optimiza-
tion.

This module is called bgqcalc.f It carries out pre-Newton-Raphson iteration optimization to elimi-
nate excessively positive or negative mass balance residuals. It does not optimize matrix variables for
water, the aqueous hydrogen ion, or aqueous oxygen gas. It is fairly analogous to the EQ3NR module
arrset.f.

This module is called bgqg6.fandpath.f. It oversees the selection and execution of automatic basis
switching.

This module is called bgg6.f It supervises the tracing of a reaction path. The mathematical method
for dealing with matrix variables is analogous to the predictor-corrector method of integrating differ-
ential equations. Finite difference expressions are transformed into equivalent truncated Taylor’s se-
ries and used as predictor functions. The rowtealc.f which computes the equilibrium state of a
system, is used as the corrector. Thus, it corrects to satisfy algebraic, not differential, equations. In ki-
netic modeipptl = 1), the integration of the rate equations is handled by a true predictor-corrector
algorithm, which is similar in format to the predictor for matrix variables. This routine has three cal-
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phsdrp.f

raff.f

ratinv.f

rdeff.f

rdéinp.f

rdélog.f

rdénew.f

rdéprs.f

rd6rea.f

rdésup.f

rd6tol.f

culation modes which pertain to step size and resolution:

Normal mode The step size is constrained to keep the predictor functions fairly accu-
rate. This causes less burden on the Newton-Raphson algebraic calculations and
gives high resolution along the reaction path. Some types of calculations can only be
done in this mode (e.g., kinetic mode, the fluid-centered flow-through open system).

Economy modeThe step size is allowed to become larger more quickly than in normal
mode.The predictor functions are limited to first order. There is no attempt to con-
strain the step size to keep these functions accurate. The useful information density
along the reaction path is close to that obtained using normal mode. Phase bound-
aries, for example, are still accurately located, provided the code detects their pres-
ence. The code in this mode could miss the appearance of a product phase if its
appearance is followed closely by its disappearance. A small region in which a prod-
uct phase disappears and reappears could similarly be missed.

Super economy modéHere the step size is typically large (defaultdzprnt). Phase
boundaries are ignored. The order of the finite differences is restricted to zero. This
mode provides the least information density along the reaction path.

This module is called bgqcalc.f It picks a phase to drop from the equilibrium system. Four indepen-
dent algorithms are used to find candidates, and a final choice is made from these.

This module is called bgg6.fandpath.f. It calculates the affinities of the irreversible reactions.

This module is presently not used. It converts the truncated Taylor’s series representation of a rate
function into the corresponding truncated Taylor’s series of its inverse.

This module is called byd6new.f. It reads the part of the “D” format input for fixed fugacity options.
This module is called byd6inp.f. It reads thénput file in “D” format. It writes an “instant echo” of
each problem on thieput data on theutput file. It contains full internal documentation. This is anal-

ogous to the EQ3NR moduldninp.f.

This module is called byd6new.f. It reads the part of the “D” format input for the basis species and
associated master variables.

This module is called byd6inp.f. It reads a problem file in “W” format, amd6new.f to read one in
“D” format. This is analogous to the EQ3NR modidap.f.

This module is called bgd6new.f. It reads the part of the “D” format input which describes the con-
tents of the physically removed system.

This module is called bgd6new.f. It reads the part of the “D” format input which describes the irre-
versible reactants and associated parameters. Irdedie.f to read the rate law parameters.

This module is called biglénew.f. It reads the part of the “D” format input which describes the subset-
selection mineral suppression options.

This module is called byd6new.f. It reads the part of the “D” format input which consists of numer-
ical run parameters, such as tolerance and setscrew variables.
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rderiv.f

rdmole.f

rdrate.f

reacts.f

readrt.f

readz.f

redatz.f

rfdiff.f

rsatch.f

rsetup.f

rtaylr.f

rtcalc.f

satchk.f

scribe.f

This module is called byath.f. It transforms finite differences of the rates of irreversible reactions
into corresponding derivatives. This module is analogodetiv.f.

This module is called bsd6new.f. It reads the part of the “D” format input which specifies the total
number of moles of the components (chemical elements) in the equilibrium system and in the aqueous
solution.

This module is called byd6rea.f. It reads from theput file in “D” format the surface area informa-
tion, rate law codes, and rate law parameters for the dissolution and precipitation of the reactants. This
is analogous in function teadrt.f, which reads the same information framut files in “W” format.

This module is called bgath.f andeqcalc.f It computes the destroyed and current masses of the re-
actants, and calculates the current element totals in the equilibrium system.

This module is called bgeadz.f. It reads from thé&put file in “W” format the surface area informa-
tion, rate law codes, and rate law parameters for the dissolution and precipitation of the reactants. This
is analogous in function talrate.f, which reads the same information framput files in “D” format.

This module is called byd6inp.f. It reads thenput file in “W” format. It writes an “instant echo” of
each problem on thisput data on theutput file. It contains full internal documentation. This is anal-
ogous to the EQ3NR moduteadx.f.

This module is called bigtep.f. It recomputes temperature dependent thermodynamic data if the tem-
perature changes along the reaction path.

This module is called bifjttst.f. It evaluates finite difference expressions for reaction rates as func-
tions of reaction progress. It is roughly analogousfdif.f .

This module is called bgg6.fandpath.f. It tests whether the equilibrium system has become saturat-
ed with any of the reactants.

This module is called bgqg6.f. It sets up the molecular weights and partial molar volumes of the re-
actants.

This module is called bfjttst.f andpath.f. It evaluates truncated Taylor’s series for reaction rates as
functions of reaction progress. It is roughly analogouayior.f.

This module is called bgg6.fandpath.f. It calculates the relative rates of irreversible reactions. In
non-kinetic mode, these rates are evaluated directly from specified expressions. In kinetic mode, ab-
solute rates are first calculated, and the overall rate of reaction progress is computed as the sum of the
absolute values of the individual rates. The relative rates are then calculated as the ratio of the corre-
sponding absolute rates to this overall rate.

This module is called bgqcalc.fandpath.f. It carries out saturation testing of non-aqueous phases.
Affinity functions are directly computed for pure minerals. They are also directly computed for solid
solutions and their end members, if the solid solutions are present in the equilibrium system. If they
are not present, values are computed for the compositions which maximize the affinity functions.

Directs the writing of the EQpickup file. It calls eitherscribo.f to write this file in “W” format or

the combinationvritéx.f and the EQLIB modulscribn.f to write it in “D” format. It is analogous to
the EQ3NR modulscribx.f.
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scribo.f

scripz.f

search.f

sfncaf.f

sfncpd.f

sfncpm.f

sfncre.f

sfneri.f

sfnerr.f

shftz.f

sshift.f

sxterm.f

This module is called bycribe.f. It writes thepickup file in “W” format. It is analogous to the EQ3NR
moduleof the same name (note: having two modules in the software package with the same name is
a violation of the usual policy).

This module is called byg6.fandpath.f. It writes a detailed description on thetput file of the state
of the system at a point of reaction progress. The scope of these prints can be controlled by the use of
theioprl, iopr2, etc., print options. It is analogous to the EQ3NR moscttipx.f.

This module is called bgg6.fandpath.f. It finds the value of reaction progress at which certain kinds
of events occur. These include points at which a mineral supersaturates at the targetadffirgty (

a product phase disappears, the number of moles of a product mineral is maximiaétl & 3 only),

the inverse rate changes sign, and the number of moles of a reactant becomes exhausted.

This module is called bsearch.f Itis a function subroutine which computes the affinity of a potential
product mineral as a function of step si2&)( based upon the results of truncated Taylor’s series. It
support search.f in find the location of a phase boundary at which a new phase appears in the equilib-
rium system.

This module is called bgearch.f It is a function subroutine which computes the remaining mass of

a product mineral as a function of step #€¢(based upon truncated Taylor’s series. It supports
search.fin finding the location of a phase boundary at which a phase in the equilibrium system disap-
pears. A phase boundary is defined here as the point at which the remaining epesi©6 rot zero
(eps100is 100 times the machine epsilon).

This module is called bgearch.f It is a function subroutine which computes the first derivative of the
mass of a mineral with respect to reaction progress as a function of step¢3jzméed upon the re-
sults of truncated Taylor’s series. It suppaegarch.fin finding the location of the maximum in the
mass of a product phase. The maximum is defined here as the point at which the derieptl©6 -
not zero.

This module is called bgearch.f It is a function subroutine which computes the remaining mass of
a reactant as a function of step six&)( It supportsearch.fin finding the point at which the reactant
is exhausted. This point is defined as that at which the remaining megsk0@ not zero.

This module is called bsearch.f Itis a function subroutine which computes the inverse rate as a func-
tion of step size/A¢). It supportsearch.fin finding the point at which the inverse rate goes to zero.
The target value is actually @$s100 not zero.

This module is called bgearch.f It is a function subroutine which computes the relative rate of a re-
actant as a function of step si2€). It supportsearch.fin finding the point at which the relative rate
goes to zero.

This module is called byg6.fandpath.f. It oversees the transfer of solid phases from the equilibrium
system to the physically removed system. Shifts may be total or partial. This routimastafisf and
sshift.f.

This module is called bghftz.f. It shifts the mass of a solid solution in the equilibrium system, to the
physically removed system. The shift can be total or partial. This module is analoguslsftd. It
does not recalculate the mass balance totals for the equilibrium system. Because of this, module
escalc.fmust be called after one or more mineral phases have been shifted.

This module is called blyalcsz.f It computes the arragx, which contains partial derivatives with re-

spect to mole fractions of expressions for the activity coefficients of solid solution components. These
derivatives are used in writing solid solution component mass action rows in the Jacobian matrix.
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taylor.f

taylr2.f

timer.f

tstep.f

writ6x.f

wrtabx.f

zfdiff.f

zvecpr.f

This module is called bgqcalc.f fittst.f, path.f, sfncaf.f, andsfncpd.f It evaluates truncated Tay-
lor’s series for matrix variables. It is roughly analogoudagir.f .

This module is called bgg6.fandpath.f. It evaluates truncated Taylor’s series for the first derivatives
with respect to reaction progress of matrix variables.

This module is called bgqgcalc.fandpath.f. It calculates the time stept( seconds) corresponding
to the step size§).

This module is called bgqg6.f, path.f, andsfncaf.f. It recalculates the temperature and all temperature
dependent thermodynamic data.

This module is called bgcribe.f. It writes the bottom half of thgickup file in “D” format.

This module is called bgcripz.f. It writes summary table information to ttex file. The lines be-
longing to different tables are interleaved, but carry a table identifier in column one.

This module is called bfjttst.f. It directly evaluates finite difference expressions of matrix variables
as functions of reaction progress. It is roughly analogotfgifaf .

This module is called bgath.f. It writes on theutput file the components of the truncated Taylor’s
series representing the matrix variables.
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Appendix C. EQ6 Error Messages

All EQ3/6 error messages fit into one of three categoeiesr, warning, andnote An error im-

plies a fatal error. Execution of the current input problem will cease without completion, imme-
diately in some cases, later in others. Which is the case depends on whether it makes more sense
to stop immediately or to continue checking for other errors before ceasing executimiig

indicates a condition which may or may not represent a real ermmteAndicates a condition
knowledge of which may assist the user in determining or tracking down the cause of an error.
An error message may be preceded or followed by one or moreeastberwarning or note

messages. These messages are written to both the screen file angubéle.

Each EQ3/6 error message has the following format:
* msgtype (sourcémodulg Message.

wheremsgtype= error, warning or note sourceis the root name of the source file (eeglib,

egpt eg3nt oreq6 containing thenodule moduleis the name of the module (main program or
subroutine) which writes the message, Blebssageas the message itself. The messages are de-
signed to be as self-explanatory as possible. The messages are reproduced hedddgmg
stand for a character variabld] for an integer, anBRRRfor a floating point number.

Most of the error messages that users are likely to encounter deal with problems regarding the
input file, the data file, or both of these. In most instances, the meaning of these messages should
be immediately clear to the user. In other instances, it may be necessary to search out other in-
formation. In such cases, there are three principal actions that users should take. The first is to
check theoutput file for additional diagnostic messag@sa(ningsandnote9 which may bear

on the matter. If this does not suffice to identify corrective action, compare the instant echo of
theinput file on theoutput file with the originalinput file. You may find that certain data were

not entered in the correct fields, that certain inputs fail to correspond with the necessary lines to
follow, or that a line is missing or you have an extra line. In addition, it may help to re-run the
problem with the debugging option switidubl set to 1 or 2. This will trigger the printing of
additional information which should help to identify the problem. A small number of messages
deal with installation errors. These should also be quite clear.

Some messages deal with programming errors. The user should see these rarely if ever. These
are likely to appear somewhat more cryptic to users. Problems of this type must be dealt with by
diagnosing the problem (probably with the help of a symbolic debugger) and modifying the code.
Most users should probably not attempt corrective action of this sort. The code custodian should
be notified of suspected programming errors and may be able to provide fixes.

Some of the messages displayed in this appendix are follow@drbynentshat may help to ex-

plain them. Users of EQ6 may also encounter error messages from EQLIB modules. These mes-
sages are listed in similar format in the EQ3/6 Package Overview and Installation Guide (Wolery,
1992). Theerrors are listed first, then th@arningsand finallythe notes

Message:* error - (eq6/echoz) Programming error: Have encountered unknown value of the temperature function
flag "jtemp."
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Comment: This is a programming error.

Message* error - (eg6/eg6) Can not match "AAAA", which appears in the rate law for "AAAA", with any species
name read from the data file.

Comment: Any species appearing in a rate law must appear on the data file. If you are sure that the species is on
the data file, check to see that the name is exactly the same. Remember that blanks are significant, so
blank-shifting will cause a name mismatch.

Message* error - (eq6/eq6) Have a mineral named "AAAA" in the physically removed system described on the
input file, but this does not match any mineral name read from the data file.

Comment: Check to see that you havent switched data files, or switched to a newer version of the "same" data file.

Message* error - (eq6/eq6) The Newton-Raphson algorithm has failed at the start of the run- betamx = RRRR

Comment: Look for preceding error, warning, or note messages. To obtain more diagnostic informattathIset
=1,iodb2 =1, andodb4 = 1and run again. If you are executing a temperature jump, it may be neces-
sary to change the temperature in small increments instead of one large increment.If you are not exe-
cuting a temperature jump, the problem is likely connected to the oxygen fugacity. If the system at the
start is very ill-posed, the code will not be able to compute this. If so, the basic problem may be that the
problem itself has no real redox aspect. In that case, you shodutzhskt = 1and try again.

Message* error - (eq6/eqcalc) Scanning for fO2 is inhibited by the setting of the flag variable "ioscan". This vari-
able is set on the input file.

Comment: Sebscan= 0on theinput file and try again.

Message* error - (eg6/eqcalc) The species "h2(g)" is not present. Scanning for log fO2 is inhibited.
Comment: The specid®(g)'is not on the data file. Use a data file that has it, or add it to the current data file.
Message* error - (eg6/eqcalc) The species "02(g)" is not present. Scanning for log fO2 is inhibited.
Comment: The speci&®(g)'is not on the data file. Use a data file that has it, or add it to the current data file.

Message* error - (eg6/eqcalc) Caught in a region of critical redox instability. Have done the maximum number of
tries (nsslmx) to slide over it.

Comment: The basic problem may be that the problem itself has no real redox aspect. In that case, you should set
ioptll = 1and try again. Otherwise, try restarting the code usingpibkup file.

Message* error - (eq6/eqcalc) Caught in a region of critical phase instability. Trying to get a new product phase in
the system, but can not get iteration to converge with it present.

Comment: Try restarting the code using giekup file.

Message* error - (eg6/eqcalc) Caught in a region of critical phase instability. Have done the maximum number of
tries (npsimx) to slide over it.

Comment: Try restarting the code using gekup file.

Message* error - (eq6/flgstz) The species "AAAA" is in the strict basis set after basis switching, but it has a status
flag value (jsflag= Illl) that is incompatible with a member of this set.
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Comment: This is really a programming error, as any attempt to switch such a species should have been caught
prior to the switching.

Message:* error - (eq6/flgstz) Do not recognize the option type "AAAA" input with category "AAAA" in a mineral
subset-selection suppression option.

Message:* error - (eq6/flgstz) The mineral "AAAA" is suppressed illegally, because it is currently present in the
equilibrium system.

Message:* error - (eq6/flgstz) The component "AAAA" in solid solution "AAAA" is suppressed illegally because
it is currently present in the equilibrium system.

Message:* error - (eq6/flgstz) Do not recognize "AAAA" as an argument to an "alwith" mineral subset-selection
suppression option.

Message:* error - (eq6/glxrn) The reactant "AAAA" is not among the AAAA read from the data file.

Message* error - (eq6/glxrn) The component "AAAA" of solid solution reactant "AAAA" is not among the min-
erals read from the data file.

Message* error - (eq6/glxrn) The element "AAAA" used to specify the composition of the special reactant
"AAAA" does not match any element read from the data file.

Message* error - (eq6/gmte) The total number of moles of "AAAA" in the equilibrium system was specified more
than once on the input file.

Message* error - (eq6/ibswch) The species "AAAA" is specified on the input file to be switched into the basis set,
but it does not match any species read from the data file.

Comment: If you are sure that the species is on the data file, check to see that the name is exactly the same. Remem-
ber that blanks are significant, so blank-shifting will cause a name mismatch.

Message* error - (eq6/ibswch) The following basis switch directed on the input file failed- "AAAA" for "AAAA".
Comment: A preceding message should say why.

Message* error - (eq6/indatl) The fictive fixed fugacity phase "AAAA" is specified on the input file to have RRRR
moles of mass added at the start of this run. Negative values are not permitted.

Message:* error - (eq6/indatz) Have wrong file header = "AAAA" on the data file. The first five characters must
be "datal".

Comment: You appear to have specified a non-datal file atathé file.

Message:* error - (eq6/indatz) The number of chemical elements on the data file is llll. This exceeds the dimen-
sioned limit (nctpar) of 11,

Comment: Increase the dimensioned limit. See the EQ3/6 Package Overview and Installation Guide (Wolery,
1992a).

Message:* error - (eq6/indatz) The number of basis species on the data file is Illl. This exceeds the dimensioned
limit (nsqgpar) of llil.
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Comment: Increase the dimensioned limit. See the EQ3/6 Package Overview and Installation Guide (Wolery,
1992a).

Message* error - (eg6/indatz) The composition of species "AAAA" on the data file is described in terms of an un-
recognized chemical element called "AAAA". If this is an actual element, it is not in the list of
chemical elements on this data file.

Message* error - (eg6/indatz) The maximum number of aqueous species (nstpar) is llll. This has been exceeded
while trying to read the data file.

Comment: Increase the dimensioned limit. See the EQ3/6 Package Overview and Installation Guide (Wolery,
1992a).

Message* error - (eg6/indatz) The reaction for the destruction of the species "AAAA" is written is written on the
data file in terms of an unrecognized basis species called "AAAA". If this is an actual species,
it is not among the basis species on this data file

Message* error - (eg6/indatz) The maximum number of pure minerals (nmtpar) is llll. This has been exceeded
while trying to read the data file.

Comment: Increase the dimensioned limit. See the EQ3/6 Package Overview and Installation Guide (Wolery,
1992a).

Message* error - (eg6/indatz) The maximum number of gas species (ngtpar) is Illl. This has been exceeded while
trying to read the data file.

Comment: Increase the dimensioned limit. See the EQ3/6 Package Overview and Installation Guide (Wolery,
1992a).

Message* error - (eg6/indatz) The chemical element "AAAA" was referenced on the input file but was not read
from the data file.

Comment: Is the element name valid? If so, checkligidile to see which elements are on the current data file. It
may be necessary to use a different data file.

Message* error - (eg6/indatz) The maximum number of solid solutions (nxtpar) is llll. This has been exceeded
while trying to read the data file.

Comment: Increase the dimensioned limit. See the EQ3/6 Package Overview and Installation Guide (Wolery,
1992a).

Message* error - (eq6/inndx) The basis species "AAAA" specified on the input file is not defined on the data file
as a strict basis species. It is defined instead as a dependent species.

Comment: Direct a basis switch on tngut file.

Message* error - (eq6/inndx) The basis species "AAAA" specified on the input file is not defined on the data file
as a strict basis species. It is defined instead as an auxiliary basis species.

Comment: Direct a basis switch on tihgut file.

Message* error - (eq6/inndx) The basis species "AAAA" specified on the input file does not match any of the aque-
ous species read from the data file.
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Message:* error - (eg6/inndx) The mineral "AAAA" specified on the input file to be in the initial equilibrium sys-
tem does not match any of the minerals read from the data file.

Comment: You have probably switched data files, or used a different version of a given data file.

Message* error - (eq6/inndx) The solid solution "AAAA" specified on the input file to be in the initial equilibrium
system does not match any of the minerals read from the data file.

Comment: You have probably switched data files, or used a different version of a given data file.

Message:* error - (eq6/inndx) The component "AAAA" of solid solution "AAAA" specified on the input file to be
in the initial equilibrium system does not match any of the components read from the data file.

Comment: You have probably switched data files, or used a different version of a given data file.

Message* error - (eq6/modexz) Have exceeded the Jacobian matrix dimension (kpar) trying to put "AAAA" in the
equilibrium system.

Comment: Increase the dimensioned limit. See the EQ3/6 Package Overview and Installation Guide (Wolery,
1992a).

Message* error - (eq6/mshift) The current matrix index (kcol= Illl) is out of range for the function of this routine.
Comment: This is a programming error.

Message* error - (eq6/nlkffg) Have an input file directive to fix the fugacity of "AAAA", but this does not match
any of the gas species read from the data file.

Comment: Is the gas species name valid? If so, chedlish&le to see which such species are on the current data
file. It may be necessary to use a different data file.

Message* error - (eq6/nlkffg) The maximum Il number of pure minerals (nmtpar) would be exceeded by creating
a fictive fixed fugacity mineral for "AAAA".

Comment: Increase the dimensioned limit. See the EQ3/6 Package Overview and Installation Guide (Wolery,
1992a).

Message:* error - (eq6/pabssw) Automatic basis switching failed.
Comment: This is a programming error.
Message:* error - (eq6/path) The step size (delzi) has been zero Il times in a row.

Comment: This is a trap designed to keep the code from wasting time when the reaction path calculation has gotten
stuck for some reason. Try restarting using giekup file.

Message:* error - (eq6/path) The step size (delzi) has not exceeded the minimum value Il times in a row.

Comment: This is a trap designed to keep the code from wasting time when the reaction path calculation has gotten
stuck for some reason. Try restarting using giekup file.

Message:* error - (eq6/path) Reaction path tracing has failed. The pickup file if written corresponds to the last
solved point of reaction progress. If it is written, try restarting the run with it.
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Message* error - (eq6/rd6ff) Have blank input for name of gas whose fugacity is to be fixed. Check INPUT file
line 111

Message* error - (eq6/rd6ff) Can only fix the fugacity of 111l gas species. Exceeded this value on INPUT file line
[lIl. Increase the dimensioning parameter nffgpa.

Comment: Increase the dimensioned limit. See the EQ3/6 Package Overview and Installation Guide (Wolery,
1992a).

Message* error - (eq6/rd6log) Have exceeded the dimensioned limit on matrix variables (kpar) of llll on INPUT
file line IIII.

Comment: Increase the dimensioned limit. See the EQ3/6 Package Overview and Installation Guide (Wolery,
1992a).

Message* error - (eq6/rd6log) A log mass variable can not be less than or equal to -999. Check INPUT file line IlII.
Message* error - (eq6/rdénew) Looking for heading: "AAAA" Found string: "AAAA" See INPUT file line: Il
Message* error - (eq6/rd6new) EOF encountered. See INPUT file line llIl.

Message* error - (eq6/rd6new) AAAA must be >= 0. Value read: AAAA Check INPUT file line IlII.

Message* error - (eq6/rd6prs) Solid solution name field is blank. Check INPUT file line 1111

Message* error - (eq6/rd6prs) Have exceeded the dimensioned limit on species in the physically removed system
(nprspa) of 1l on INPUT file line IlII.

Comment: Increase the dimensioned limit. See the EQ3/6 Package Overview and Installation Guide (Wolery,
1992a).

Message* error - (eq6/rd6rea) Have exceeded the dimensioned limit on number of reactants (nrctpa) of 111l on IN-
PUT file line 1lII.

Comment: Increase the dimensioned limit. See the EQ3/6 Package Overview and Installation Guide (Wolery,
1992a).

Message* error - (eq6/rd6rea) Found unexpected string "AAAA" on INPUT file line I,
Message* error - (eq6/rd6rea) Have invalid reactant type "AAAA" referenced on INPUT file line 1lII.

Message* error - (eq6/rd6rea) Specify end-member and mole fraction for solid solution reactants only. Check IN-
PUT file line 1111,

Message* error - (eq6/rd6rea) Have exceeded the dimensioned limit of Il for this type reactant on INPUT file
line 111

Comment: Increase the dimensioned limit. See the EQ3/6 Package Overview and Installation Guide (Wolery,
1992a).

Message* error - (eq6/rdérea) Maximum number of end-members of a solid solution reactant is llll. Exceeded this
value on INPUT file line 111
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Comment: Increase the dimensioned limit. See the EQ3/6 Package Overview and Installation Guide (Wolery,
1992a).

Message* error - (eq6/rd6rea) Specify volume for special reactants only. Check INPUT file line I111.

Message* error - (eq6/rd6rea) Specify element and moles of element per mole of reactant for special reactants only.
Check INPUT file line: 1111,

Message:* error - (eq6/rdérea) Maximum number of elements in a special reactant is Illl. Exceeded this value on
INPUT file line IlII.

Comment: Increase the dimensioned limit. See the EQ3/6 Package Overview and Installation Guide (Wolery,
1992a).

Message:* error - (eq6/rd6rea) Valid dissolution rate law codes are -1, 1, 2, 3, and 4- Value read: 11l Check INPUT
file line: 1l

Message:* error - (eq6/rd6rea) Valid precipitation rate laws codes are -1 through 4- Value read: llll Check INPUT
file line: 1l

Message* error - (eq6/rd6rea) Found blank input where the name of a chemical element was expected. See INPUT
file line 1111

Message* error - (eq6/rd6rea) Found blank input where the name of a solid solution component was expected.
Check INPUT file line 1111

Message* error - (eq6/rd6rea) If nrk= -1, nrpk must equal 1, 2,or 4. if nrpk= -1, nrk must equal 2 or 4. Check above
INPUT file line IlII.

Message:* error - (eq6/rd6érea) The following reactant category must be specified once: AAAA Check above IN-
PUT file line Il

Message* error - (eq6/rd6rea) The following reactant category must be specified: AAAA. Check above INPUT
file line 11

Message* error - (eq6/rd6rea) nrk= 1 and nrpk= 3 is not allowed unless the reactant is a mineral or solid. solution.
Check above INPUT file line 1111

Message:* error - (eq6/rd6sup) Valid suppress options are "phases w/ elements” or "phases except". Value read:
"AAAA" See INPUT file line: Il

Message:* error - (eq6/rdésup) The maximum number of suppress phases is llll. Exceeded this value on INPUT
file line 1111

Comment: Increase the dimensioned limit. See the EQ3/6 Package Overview and Installation Guide (Wolery,
1992a).

Message:* error - (eq6/rdésup) The maximum number of suppress exceptions is Illl. Exceeded this value on IN-
PUT file line 1111

Comment: Increase the dimensioned limit. See the EQ3/6 Package Overview and Installation Guide (Wolery,
1992a).

Message:* error - (eq6/rd6tol) Programmer error: unknown tolerance parameter code.
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Message* error - (eq6/rd6tol) Invalid tolerance string. Check INPUT file line 1111
Message* error - (eq6/rd6tol) AAAA must be >= zero. Check INPUT file line llIl.

Message* error - (eg6/rdmole) The maximum number of elements is Illl. Exceeded this value on INPUT file line
.

Comment: Increase the dimensioned limit. See the EQ3/6 Package Overview and Installation Guide (Wolery,
1992a).

Message* error - (eq6/rdmole) Element name can not be blank. Check INPUT file line IlII.
Message* error - (eq6/rdrate) Have rate specified more than once: "AAAA" Check INPUT file line Il11.

Message* error - (eg6/rdrate) Valid rate law mechanism or term indices are 1 through lllI- lllegal value read:
AAAA Check INPUT file line: Il

Message* error - (eq6/rdrate) Entry must follow a valid rate constant entry. Check INPUT file line IllI.

Message* error - (eq6/rdrate) The maximum number of species in the kinetic activity product of any single mech-
anism is llll. Exceeded this value on INPUT file line IlII.

Comment: Increase the dimensioned limit. See the EQ3/6 Package Overview and Installation Guide (Wolery,
1992a).

Message* error - (eg6/rdrate) You must specify at least 1 rate constant. Check above INPUT file line 1111

Message* error - (eg6/rdrate) You may not specify negative rate constants with the above rate law. Check above
INPUT file line 1111

Message* error - (eg6/rdrate) You must specify a value in either column 2 or column 4, but not both. Check above
INPUT file line lII.

Message* error - (eq6/rdrate) Rate laws 2 and 4 can only be used with a mineral or solid solution reactant. Check
above INPUT file line 1llI.

Message* error - (eg6/reacts) The total equilibrium system mass of "AAAA" is RRRR moles. This was the base
point value.

Comment: This is probably due to a corrupfedkup file.
Message* error - (eg6/reacts) Have encountered bad value of Illl for the status flag of reactant "AAAA".
Comment: This is probably due to a corrupfedkup file.

Message* error - (eq6/reacts) The total equilibrium system mass of "AAAA" is RRRR moles after incrementing
by RRRR moles of reactant "AAAA".

Comment: This is probably due to a corrupfedkup file.
Message* error - (eq6/readrt) The forward direction rate law code nrk may not be Il if ioptl = 0.

Message* error - (eq6/readrt) The backward direction rate law code nrkp may not be Il if ioptl = 0.
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Message* error - (eq6/readrt) The forward direction rate code nrk can not be -1 unless nrpk = 2 or 4.
Message:* error - (eq6/readrt) The forward direction rate code nrk can not be 0.
Message:* error - The number of mechanisms or terms in a forward rate law may not exceed IlII.

Comment: Increase the dimensioned limit. See the EQ3/6 Package Overview and Installation Guide (Wolery,
1992a).

Message:* error - (eq6/readrt) Actual forward rate constants may not be negative.

Message:* error - (eg6/readrt) The number of species in a forward rate law kinetic activity product may not exceed
1.

Comment: Increase the dimensioned limit. See the EQ3/6 Package Overview and Installation Guide (Wolery,
1992a).

Message* error - (eg6/readrt) Can not use an affinity dependent rate law for a reactant type other than a mineral or
solid solution.

Message:* error - (eq6/readrt) The forward direction rate law code has a bad value of Illl for "AAAA".
Message:* error - (eq6/readrt) The backward rate law code nrpk can not be -1 unless nrk = 2 or 4.
Message:* error - The number of mechanisms or terms in a backward rate law may not exceed llII.
Message:* error - (eq6/readrt) Actual backward rate constants may not be negative.

Message:* error - (eq6/readrt) The number of species in a backward rate law kinetic activity product may not ex-
ceed Il

Comment: Increase the dimensioned limit. See the EQ3/6 Package Overview and Installation Guide (Wolery,
1992a).

Message* error - (eg6/readrt) Can not have nrpk= 3 if nrk= 11l for a reactant which is not a mineral or solid solu-
tion.

Message:* error - (eq6/readrt) The backward direction rate law code has a bad value of Il for "AAAA".
Message:* error - (eq6/readz) The input file has no title.

Message* error - (eq6/readz) The Il subset-selection suppression options exceed the dimensioned limit (nxoppa)
of IlII.

Comment: Increase the dimensioned limit. See the EQ3/6 Package Overview and Installation Guide (Wolery,
1992a).

Message:* error -(eq6/readz) The Illl exceptions to the mineral subset-selection suppressions options exceed the
dimensioned limit (nxpepa) of Il

Comment: Increase the dimensioned limit. See the EQ3/6 Package Overview and Installation Guide (Wolery,
1992a).

Message:* error - (eq6/readz) The llll fixed fugacity species exceed the dimensioned limit (nffgpa) of IlII.
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Comment: Increase the dimensioned limit. See the EQ3/6 Package Overview and Installation Guide (Wolery,
1992a).

Message* error - (eq6/readz) The llll reactants exceed the dimensioned limit (nrctpa) of Illl.

Comment: Increase the dimensioned limit. See the EQ3/6 Package Overview and Installation Guide (Wolery,
1992a).

Message* error - (eq6/readz) The Il solid solution reactants exceed the dimensioned limit (nxrtpa) of Il11.

Comment: Increase the dimensioned limit. See the EQ3/6 Package Overview and Installation Guide (Wolery,
1992a).

Message* error - (eq6/readz) The number of components for the solid solution reactant "AAAA" exceeds the di-
mensioned limit (iktpar) of IlI.

Comment: Increase the dimensioned limit. See the EQ3/6 Package Overview and Installation Guide (Wolery,
1992a).

Message* error - (eq6/readz) The llll special reactants exceed the dimensioned limit (nsrtpa) of lllI.

Comment: Increase the dimensioned limit. See the EQ3/6 Package Overview and Installation Guide (Wolery,
1992a).

Message* error - (eq6/readz) The number of elements composing special reactant "AAAA" exceeds the dimen-
sioned limit (nctpar) of IlII.

Comment: Increase the dimensioned limit. See the EQ3/6 Package Overview and Installation Guide (Wolery,
1992a).

Message* error - (eq6/readz) The bottom part of the input file is missing.
Message* error - (eq6/readz) The input file has no title from the previous run.
Message* error - (eq6/readz) The Illl nxmod options exceed the dimensioned limit (hxmdpa) of Il1l.

Comment: Increase the dimensioned limit. See the EQ3/6 Package Overview and Installation Guide (Wolery,
1992a).

Message* error - (eq6/readz) The Il matrix variables on the input file exceed the dimensioned limit (kpar) of Il1I.

Comment: Increase the dimensioned limit. See the EQ3/6 Package Overview and Installation Guide (Wolery,
1992a).

Message* error - (eq6/readz) The basis species "AAAA" has a log mass of -999 on the input file.
Comment: Possibly a corrupted or badly writtgickup file.
Message* error - (eg6/rsatch) Can not find "AAAA" among the matrix variables.

Message* error - (eg6/rsetup) In setting up for reactant "AAAA", can not find the matrix index for component
"AAAA".

Message* error - (eqg6/rtcalc) The surface area code nsk has an unrecognized value of Il for "AAAA".
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Message:* error - (eq6/rtcalc) The forward rate law code (nrk) can not be zero.
Message:* error - (eq6/rtcalc) Reactant "AAAA" has bad forward rate law code of IllI.
Message:* error - (eq6/rtcalc) Reactant "AAAA" has bad backward rate law code of IllI.

Message:* error- (eq6/rtcalc) Calculated rate is .gt. 0, but affinity is .It. O --- (reactant is dissolving, but it should
precipitate).

Comment: The associated kinetic rate law specified omfhd file is producing an unrealistic result.

Message:* error- (eq6/rtcalc) Calculated rate is .It. 0, but affinity is .gt. 0 --- (reactant is precipitating, but it should
dissolve).

Comment: The associated kinetic rate law specified ointhé file is producing an unrealistic result.

Message* error - (eq6/taylr2) Erroneous call, as the order is zero.

Comment: This is a programmer error.

Message* error - (eq6/zvecpr) Order is zero, but value of basis variable has changed.

Comment: This is a programmer error.

Message* warning - (eq6/eq6) Have solid solutions in the initial physically removed system described on the input
file, but do not presently have the coding to initialize that system with these phases present. The
code will continue, but it will be as though these phases have been cleared from that system at
the start of this run.

Message* warning - (eg6/eqcalc) Have quasi-underflow of a log mass variable: zvclgl(AAAA) = RRRR

Comment: The mass when obtained by exponentiation will underflow. If this is for an aqueous species, it may be
necessary to switch a more prominent species into the basis set in its place.

Message* warning - (eq6/path) The current time increment is only RRRR seconds.
Message:* warning - (eg6/timer) Bad dltime= RRRR seconds calculated for nord= lllI.
Comment: This is a programmer error.

Message* warning - (eq6/writ6x) lllegal value for "AAAA". Variable not set.

Comment: This is a programmer error.

Message:* warning - (eq6/writ6x) Programmer error: illegal value of "udvévr (I111)".
Comment: This is a programmer error.

Message* warning - (eq6/writ6x) lllegal value for suppress option- Value read: "AAAA"

Message* note - (eq6/eq6) Have detected a temperature jump from the previous run- Initial temperature = RRRR
Celsius Previous run temperature = RRRR Celsius
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Message™* note - (eq6/eq6) The option switch iopt4 is set to, 1, turning on the treatment of solid solutions, but there
were no relevant solid solutions on the data file. Have switched iopt4 to 0.

Message* note - (eq6/eq6) The exponent range of this machine is only +/- ll1l. Will use logarithmic variables for
Taylor’s series representations of masses of basis species in order to avoid potentially cata-
strophic underflows. A good machine these days has an exponent range of +/- 308.
Message* note - (eg6/eq6) Illl basis switches have been executed.

Message* note - (eq6/eq6) Have hit the user-specified computing limit.

Message* note - (eg6/eqcalc) Have a violation of the mineralogic phase rule. Must drop a phase from the equilib-
rium system.

Message* note - (eq6/eqcalc) Have encountered critical redox instability.
Message* note - (eg6/eqcalc) Setting up to scan for log fO2.

Message* note - (eg6/eqcalc) Have not been able to establish the correct phase assemblage in the maximum num-
ber of tries (ntrymx).

Message* note - (eq6/eqcalc) The run may be attempting to cross a univariant curve at zi= RRRR.

Message* note - (eq6/eqcalc) Have not been able to eliminate all "unexcused" supersaturations in the maximum
allowed number of tries.

Message* note - (eq6/flgstz) This run involves at least one redox reaction. The code will therefore use a redox
parameter and the charge balance constraint.

Message* note - (eq6/flgstz) This run does not involve any redox reactions. The code will therefore not use a redox
parameter or the charge balance constraint.

Message* note - (eq6/flgstz) The species "AAAA" is suppressed because its associated reaction is a redox reaction.
Message* note - (eq6/flgstz) Executing the "all* mineral subset-selection suppression option.
Message* note - (eq6/flgstz) Executing the "alwith AAAA" mineral subset-selection suppression option.

Message* note - (eq6/indatl) The adjusted mass of the fictive fixed fugacity phase "AAAA" is computed to be
RRRR moles. It will be set to zero.

Message* note - (eg6/indatl) The value of the print option switch ioprl0 is inconsistent with the value of the aque-
ous species activity coefficient option switch iopgl. Therefore, the former has been reset to 0.

Message* note (eq6/indatz) The gas species "h2(g)" is not on the data file.
Message* note (eq6/indatz) The gas species "02(g)" is not on the data file.

Message* note - (eq6/inndx) Have a left over fictive fixed fugacity phase for "AAAA" in the initial equilibrium
system. Will purge it.

Message* note - (eq6/jgibbs) This routine find the phases which are involved in a violation of the apparent or min-
eralogic phase rule, but it presently treats only pure minerals.

- 285 -



Message* note (eq6/jgibbs) Can not consider dropping "AAAA" from the equilibrium system because the calcu-
lation of its hypothetical affinity in the presence of the other phases present failed.

Message* note - (eq6/path) The inverse rate at the base point is RRRR, which is less than or equal to 100 times the
machine epsilon. Therefore, the code will not make a search for the point at which the where
the predicted inverse rate hits the target value for

Message* note - (eq6/path) Have made an infinite time step.

Message* note - (eq6/rd6rea) The effective surface ratio factor (fk) must be > 0. It has been resetto 1.0. See INPUT
file line IIII.

Message* note - (eq6/rdérea) The surface area parameter (sk) must be >= 0. It has been reset to 0. See INPUT file
line IlII.

Message* note - (eq6/rd6rea) Found blank input where the, name of a reactant was expected. Skipping to the next
reactant. See INPUT file line IlII.

Message* note - (eq6/rd6tol) AAAA must be >= zero. Have reset it to a default value. Check INPUT file line 1111,

Message* note - (eq6/rdrate) Only the first rate constant is used with rate law 3 (specified rate). Check above IN-
PUT file line IlII.

Message* note - (eq6/rdrate) Only first three rate constants are used with rate law 1. Check above INPUT file line
[l

Message* note - (eq6/rdrate) The activation energy or enthalpy was not specified, so temperature correction will
not be made. Note that temperature of run does not match the temperature corresponding to the
input rate constant value. Check above INPUT file line

Message* note - (eq6/rdrate) Have csigma(llll) <= 0. Have reset this to 1.0. Check above INPUT file line .

Message* note - (eq6/rdrate) The "csigma” input will be ignored because the rate law selected does not use it. See
INPUT file line 1111

Message* note - (eq6/rdrate) The specified values will be ignored because of the rate law selected. See INPUT file
line: M.

Message* note - (eq6/rdrate) Normally only the first rate constant is set when using rate law 1 (arbitrary kinetics).
Check above INPUT file line 111I.

essage®* note - (eq6/rdrate) In the case of rate constant llll, a corresponding temperature was not specified, or it
M * (eg6/rdrate) In th f [ di ified, ori
was <= 0. Will use a temperature of 25.0 Celsius. Check above INPUT file line IlII.

Message* note - (eg6/rsatch) The reactant "AAAA" has saturated but differs in composition from the correspond-
ing product form. Therefore, it must remain in the reactant system instead of being transferred
to the equilibrium system.

Message:* note - (eq6/rsetup) The strict basis species corresponding to an element may be not represented on the
input file. Check to see if the identity of the appropriate strict basis species has been changed
on the data file (e.g., "fe+++" for "fe++", "h3bo3(aq)" for "b(oh)3(aq)").

Message* note - (eq6/satchk) The hypothetical affinity calculation failed to converge for solid solution "AAAA".
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Message* note - (eg6/search) Bad value of ntype = Il hit during search for where a AAAA- the phase is "AAAA"
delzi will be set to RRRR

Message* note - (eg6/search) The supporting function call did not work during a search for where a AAAA- the
phase is "AAAA" delzi will be set to RRRR

Message™* note - (eg6/search) A search for where a AAAA indicates that the event has been stepped over. the phase
is "AAAA" delzi will be set to dlzimn.

Message* note - (eg6/search) A search for where a AAAA indicates that the event being searched for does not take
place in the interval being examined. the phase is "AAAA" delzi will not be decreased.

Message™* note - (eg6/search) A search for where a AAAA has hit the maximum number of iterations without suc-
ceeding- the phase is "AAAA" delzi will be set to a safe value of RRRR

Message* note - (eg6/sfncaf) A required hypothetical affinity calculation failed to converge.
Message* note - (eq6/sfncpd) The matrix position index (indx) is Illl. This is out of range.
Message* note - (eq6/sfncpm) The matrix position index (indx) is Illl. This is out of range.
Message* note - (eq6/sfhcre) The matrix position index (indx) is Illl. This is out of range.
Message* note - (eq6/sfncrr) The matrix position index (indx) is Illl. This is out of range.
Message* note - (eq6/sshift) The matrix position index (kcol) is Illl. This is out of range.
Message* note - (eq6/sshift) The end-member index (ik) is lllI for "AAAA". This is out of range.

Message* note - (eq6/tstep) Stopping because the temperature is RRRR Celsius at zi= RRRR.
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Appendix D. Notes on Known Bugs and Such
This appendix presents notes on known bugs and other known unusual phenomena.

1. The differential equation integration algorithm in EQ6 will not handle “stiff systems” of
ordinary differential equations (ODES). A system of OIpEsseis not inherently stiff
or non-stiff; rather, stiffness is a condition that appears under certain circumstances. This
is a problem only in kinetic mode; the actual rate laws comprise the set of ODEs. Stiffness
can occur only if there are two or more such rate laws. The condition of stiffness occurs
when the magnitude of one of these rates is much greater than that of the other or others,
and it begins to rapidly change. Typically, this happens when the reaction in question be-
gins to closely approach a state of partial equilibrium. When stiffness is encountered, the
step size is decreased and soon becomes stuck at the minimum value. The code now stops
if the step size is stuck at this value, instead of running on. The only solution to this is to
add a stiff-system integration algorithm to the code. There are currently no active plans
to do this.

2. Another problem in EQ6 exhibits much the same symptoms. It also requires more than
one reactant, and may occur in kinetic or reaction progress mode. If one chooses to set
nrk = 1 (specified relative rate) to control the dissolution of a reactamtrpid= O (fol-
low partial equilibrium) to control its precipitation, thepk = 0 option can not be fol-
lowed if one has also suppressed the formation of the reactant in question as a product
mineral. Thenrpk = 0 option requires the formation of such product mineral in order to
hold the reactant affinity at zero. Without this, the dissolution rate goes to zero, but con-
tinued advancement in overall reaction progress may cause undersaturation, returning the
relative rate of dissolution to the specified value. After another small advancement in re-
action progress, the dissolution rate again goes to zero, and the pattern repeats itself. The
step size is decreased and usually soon becomes stuck at the minimum value. The code
then notes this and stops. Mathematically, the problem has become ill-posed. The solu-
tion is to not suppress a phaseanpk is set to 0. When this problem has been seen to
manifest itself, the phase has suppressed unintentionally by a subset-saiecidh (
option and not specified as an exception to that option.

3. EQ6 periodically exhibits trouble when it encounters mineral assemblages which fix the
activity of water (e.g., gypsum plus anhydrite, or epsomite plus hexahydrite). The step
size may drop to and become stuck at the minimum value, leading to early termination of
the run. The cause of this is presently unknown.

4. The code tends to converge slowly or not at all in dealing with extremely concentrated
electrolyte solutions. Roughly speaking, these are solutions whose ionic strengths are
greater than about 12 molal. However, there is no simple way to accurately categorize the
code’s performance envelope.

5. The EQ6 modulgibbs.f tests the mineral assemblage in the equilibrium system for vi-
olations of the mineralogical phase rule. The module as presently written only tests pure
minerals. It does not look at any solid solutions. This condition forces the code to rely on
other phase deletion algorithms.

- 288 -



6. When EQ6 operates without a redox variable, the log oxygen fugacity variable is as-
signed a value of -999. The saturation indices and affinities for certain solid phases such
asal, graphite k, andsi are calculated and reported using this value. These phases are
irrelevant to the computed model and the repdBiethd affinity data for them should be
ignored. These phases are technically suppressed when there is no redox variable. Thus,

they can not be precipitated.

7. The maximum time parametenemx which appears in the EQ@put file may be ex-
ceeded when the code is running in time mode. The code does not find the value of reac-
tion progress corresponding to the desired maximum time. Instead, it simply stops the
reaction path calculation when this is exceeded. Note also that the code does not provide

for the use of print intervals defined in terms of time.

For a complete list of known bugs and such for EQ3/6, see Appendix D of the EQ3/6 Package
Overview and Installation Guide (Wolery, 1992a).
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Appendix E. Examples of More Complex EQ6 Input files

This appendix presents a few more complex K6t files. The first is for kinetic modeling of
groundwater interacting with devitrified tuff in a hydrothermal experiment. The second deals
with the reaction of groundwater with spent nuclear fuel. Refer to the internal titles for further
information. The third is similar to that last example in Chapter 6. It models the precipitation of
quartz according to a different rate law, and illustrates the use of activation energies on the EQ6
input file. There is however a problem with the way the rate law for net dissolution is extrapo-
lated to the case of net precipitation (see the title ofripat file and also comments for the last
example in Chapter 6).

The EQ6input file (j13wwtuff.6i), groundwater-tuff hydrothermal reaction (*“W” format)

EQ6 input file name= j13wwtuff.6i

Description= "Reaction of J-13 water with devitrified tuff at 150 C"
Version number= 3245 Stage number= 01

Created 10/29/90 Creator=T.J. Wolery

Revised 10/29/90 Revisor= T.J. Wolery

React devitrified Topopah Springs tuff with J-13 well water at
150 C. This simulates a hydrothermal experiment in a closed
autoclave, so the CO2 fugacity is allowed to drift. The tuff is
represented by six minerals: (Na-K)-sanidine, plagioclase, biotite,
cristobalite, quartz, and Mg-beidellite. The first three of these
are solid solution minerals. The option switch ioptl is set to 1
to direct the code to compute the simulation in a time frame. A
kinetic rate law of transition state theory form describes the
dissolution rate of each of the mineral reactants. No precipitation
rate laws are specified. This test case is adapted from Appendix C
of Delany (1985).

Purpose: to test the ability of the code to model rock-water
interaction in a time frame in the case of system whose complexity
is representative of a real geologic system. The scenario
corresponds to an actual hydrothermal experiment (cf. Delany, 1985).
The J-13 well water composition used here is taken from Harrer et
al. (1990) and differs slightly from that used by Delany (1985).
The results from this test case may be compared with those reported
by her. Semi-quantitative agreement is expected.

Six minerals (quartz, chalcedony, tridymite, pyrophyllite, maximum
microcline, and illite) should be suppressed (see Delany, 1985).
This is done by means of "nxmod" options specified on the EQ3NR
test case input file j13wwA.3i, which initializes the present
input file. These options are passed on to the present file.

The option switch iopt4 is set to 1 to direct the code to permit
the use of solid solutions. The print option switch iopr8 is set
to 1 to direct the code to print a table of equilibrium gas
fugacities at each print point.

References

Delany, J. M., 1985, Reaction of Topopah Spring Tuff with J-13 water:
A geochemical modeling approach using the EQ3/6 Reaction Path Code:
UCRL-53631, Lawrence Livermore National Laboratory, Livermore,
California, 46 p.

Harrer, J. E., Carley, J. F., Isherwood, W. F., and Raber, E., 1990,
Report of the Committee to Review the Use of J-13 Well Water in
Nevada Nuclear Waste Storage Investigations: UCID-21867, Lawrence
Livermore National Laboratory, Livermore, California.

endit.
nmodll= 2 nmodi2= 0
tempcO= 150.000E+00 jtemp= 0
tk1= 0.00000E+00 tk2=0.00000E+00 tk3= 0.00000E+00
zistrt= 0.00000E+00 zimax= 1.00000E+00
tstrt= 0.00000E+00 timemx= 6.05000E+06
kstpmx= 200 cplim= 0.00000E+00
dzprnt= 1.00000E+38 dzprlg= 1.00000E+00 ksppmx= 100
dzplot= 1.00000E+38 dzpllg= 1.00000E+38 ksplmx= 10000

ifile= 60
* 1 2 3 45 6 7 8 910
ioptl-10= 1 0 0 1 0 O O O O O
11-20= 0 0 0 0 O O 0O O O O
jopr1-10= 0 0 0 0 0 O O 1 O O
iopr11-20= 0 0 0 0 0 O O O O O
jodb1-10= 0 0 0 0 0O O O O O O

11-20= 0 0 0 0 0O O O O O O
* nxopt = number of mineral subset-selection suppression options
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* nxopex = number of exceptions
nxopt= 0

* nffg = number of gas species with fixed fugacities
nffg= 0
* nrct = number of reactants
nrct= 6
reactant= sanidine-ss
jcode= 1 jreac= 0
morr= 1.69400E-02 modr= 0.00000E+00
sanidine high 0.58000E+00
albite high 0.41000E+00
anorthite 0.01000E+00
endit.
nsk= 0 sk= 16822.0E+00 fk=0.20000E+00
nrk= 2 nrpk= 0
imech= 1

rkO= 2.88000E-16  trkO= 150.000E+00 iact= 0
eact= 0.00000E+00  hact= 0.00000E+00

ndact= 0 csigma= 1.00000E+00
reactant= plagioclase
jcode= 1 jreac= 0
morr= 4.53300E-04 modr=0.00000E+00
albite high 0.76000E+00
anorthite 0.17000E+00
sanidine high 0.07000E+00
endit.
nsk= 0 sk= 432.000E+00 fk=0.20000E+00
nrk= 2 nrpk= 0
imech= 1

rkO= 3.90000E-14  trkO= 150.000E+00 iact= 0
eact= 0.00000E+00 hact= 0.00000E+00

ndact= 0 csigma= 1.00000E+00
reactant= biotite
jcode= 1 jreac= 0
morr= 2.94600E-05 modr= 0.00000E+00
phlogopite 0.43000E+00
annite 0.57000E+00
endit.
nsk= 0 sk= 40.5000E+00 fk=0.20000E+00
nrk= 2 nrpk= 0
imech= 1

rkO= 4.09000E-14  trkO= 150.000E+00 iact= 0
eact= 14.0000E+00 hact= 0.00000E+00

ndact= 0 csigma= 1.00000E+00
reactant= cristobalite
jcode= 0 jreac= 0
morr= 6.66300E-02  modr= 0.00000E+00
nsk= 0 sk= 16178.0E+00 fk=0.20000E+00
nrk= 2 nrpk= 0
imech= 1

rk0O= 3.55000E-13  trkO= 150.000E+00 iact= 0
eact= 0.00000E+00  hact= 0.00000E+00

ndact= 0 csigma= 1.00000E+00
reactant= quartz
jcode= 0 jreac= 0
morr= 3.00300E-02  modr= 0.00000E+00
nsk= 0 sk= 6429.00E+00 fk=0.20000E+00
nrk= 2 nrpk= 0
imech= 1

rkO= 1.20000E-13  trkO= 150.000E+00 iact= 0
eact= 0.00000E+00  hact= 0.00000E+00

ndact= 0 csigma= 1.00000E+00
reactant= beidellite-mg
jcode= 0 jreac= 0
morr= 3.52200E-04  modr= 0.00000E+00
nsk= 0 sk= 432.000E+00 fk=0.20000E+00
nrk= 2 nrpk= 0
imech= 1

rkO= 7.50000E-14  trkO= 150.000E+00 iact= O
eact= 0.00000E+00  hact= 0.00000E+00
ndact= 0 csigma= 1.00000E+00

dizidp= 0.00000E+00

tolbt= 0.00000E+00  toldl= 0.00000E+00  tolx= 0.00000E+00
tolsat= 0.00000E+00 tolsst= 0.00000E+00

screwl= 0.00000E+00 screw2= 0.00000E+00 screw3= 0.00000E+00
screw4= 0.00000E+00 screw5= 0.00000E+00 screw6= 0.00000E+00

zklogu= 0.000 zklogl= 0.000 zkfac= 0.000
dlzmx1= 0.00000E+00 dlzmx2= 0.00000E+00 nordim= 0
itermx= 0 ntrymx= 0
npsimx= 0 nssimx= 0 ioscan= 0

*.

* pickup file written by eq3nr.3245R124x

* supported by eqlib.3245R153

EQ3NR input file name=j13wwA.3i

Description= "J-13 well water, six minerals suppressed"
Version number= 3245 Stage number= 01
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Created 10/07/90 Creator=T.J. Wolery
Revised 10/07/90 Revisor=T.J. Wolery

Water from well J-13 at the Nevada Test Site. The composition

is identical to that in the EQ3NR test case input file j13ww.3i,
which is based on data reported by Harrer et al. (1990). Water
from this well is commonly used to represent the groundwater
at the proposed high-level nuclear waste repository at Yucca
Mountain, Nevada.

Purpose: to initialize the EQ6 test case input file j13wwtuff.6i,
in which this water is reacted with devitrified tuff at 150 C.
Six minerals (quartz, chalcedony, tridymite, pyrophyllite,
maximum microcline, and illite) are suppressed by means of

"nxmod" options. These suppressions have no effect on the EQ3NR

calculation, but will be passed on to j13wwtuff.6i.

References

Harrer, J. E., Carley, J. F., Isherwood, W. F., and Raber, E., 1990,
Report of the Committee to Review the Use of J-13 Well Water in

Nevada Nuclear Waste Storage Investigations: UCID-21867, Lawrence

Livermore National Laboratory, Livermore, California.

endit.
tempci= 0.25000E+02
nxmod= 6
species= quartz
type= 1 option= -1 xlkmod= 0.00000E+00
species= chalcedony
type= 1 option= -1 xlkmod= 0.00000E+00
species= tridymite
type= 1 option= -1 xlkmod= 0.00000E+00
species= pyrophyllite
type= 1 option= -1 xlkmod= 0.00000E+00
species= maximum microcline
type= 1 option= -1 xlkmod= 0.00000E+00
species= illite
type= 1 option= -1 xlkmod= 0.00000E+00
iopgl= 0 iopg2= 0 iopg3= 0
iopg4= 0 iopg5= 0 iopgb= 0
iopg7= 0 iopg8= 0 iopg9= 0
iopgl0= 0
ket= 19 ksg= 20 kmt= 20
kxt= 20 kdim= 20 kprs= 0
o 0.555183619996184E+02
al 0.296499013987773E-06
b 0.123882029374571E-04
ca 0.324367483418525E-03
cl 0.201395098257713E-03
f 0.114746504969044E-03
fe 0.716242591683072E-06
h 0.111019041364482E+03
c 0.230099280306266E-02
p 0.125027141351693E-05
k 0.128905860357201E-03
li 0.691543005331060E-05
mg 0.826990331249453E-04
mn 0.218456477571116E-06
na 0.199219043949006E-02
n 0.141601620864581E-03
si 0.101474095562313E-02
s 0.191539771578739E-03
sr 0.456516777005975E-06
electr 0.103370768598040E-03
h2o0 h2o 0.174435898352698E+01
al+++ al+++ -0.138327589967153E+02
b(oh)3(aq) b(oh)3(aq) -0.491386263393695E+01
cat++ cat++ -0.350490382237190E+01
cl- cl- -0.369612063671960E+01
f- f- -0.394148547298545E+01
fe++ fe++ -0.888881411500307E+01
h+ h+ -0.738394246929729E+01
hco3- hco3- -0.267503530048784E+01
hpo4-- hpo4-- -0.613006179481343E+01
k+ k+ -0.389019626762259E+01
li+ li+ -0.516054511756232E+01
mg++ mg++ -0.410420281907220E+01
mn++ mn++ -0.670367598253854E+01
na+ na+ -0.270232246215246E+01
no3- no3- -0.324846174258599E+02
sio2(aq) sio2(aq) -0.299512354313566E+01
S04-- s04-- -0.373802108388307E+01
Sr++ sr++ -0.635066503949193E+01
02(9) 02(9) -0.304751407267451E+02
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The EQ6input file (j13wwtuff.6i), groundwater-tuff hydrothermal reaction (“D” format)

EQ6 input file name= j13wwtuff.6i |
Description= "Reaction of J-13 water with devitrified tuff at 150 C" |
VVersion number= 3245 Stage number= 01

Created 10/29/90 Creator=T.J. Wolery |
Revised 10/29/90 Revisor= T.J. Wolery |

|

React devitrified Topopah Springs tuff with J-13 well water at |
150 C. This simulates a hydrothermal experiment in a closed |
autoclave, so the CO2 fugacity is allowed to drift. The tuff is |
represented by six minerals: (Na-K)-sanidine, plagioclase, biotite, |
cristobalite, quartz, and Mg-beidellite. The first three of these |
are solid solution minerals. The option switch ioptl is setto1 |
to direct the code to compute the simulation in a time frame. A |
kinetic rate law of transition state theory form describes the
dissolution rate of each of the mineral reactants. No precipitation |
rate laws are specified. This test case is adapted from Appendix C |
of Delany (1985).

|

Purpose: to test the ability of the code to model rock-water |
interaction in a time frame in the case of system whose complexity |
is representative of a real geologic system. The scenario |
corresponds to an actual hydrothermal experiment (cf. Delany, 1985). |
The J-13 well water composition used here is taken from Harrer et |
al. (1990) and differs slightly from that used by Delany (1985). |
The results from this test case may be compared with those reported |
by her. Semi-quantitative agreement is expected.

Six minerals (quartz, chalcedony, tridymite, pyrophyllite, maximum |
microcline, and illite) should be suppressed (see Delany, 1985). |
This is done by means of "nxmod" options specified on the EQ3NR |
test case input file j13wwA.3i, which initializes the present |

input file. These options are passed on to the present file. |

The option switch iopt4 is set to 1 to direct the code to permit |
the use of solid solutions. The print option switch iopr8is set |
to 1 to direct the code to print a table of equilibrium gas |
fugacities at each print point.

|

References |

[
Delany, J. M., 1985, Reaction of Topopah Spring Tuff with J-13 water: |
A geochemical modeling approach using the EQ3/6 Reaction Path Code: |
UCRL-53631, Lawrence Livermore National Laboratory, Livermore, |
California, 46 p.

|
Harrer, J. E., Carley, J. F., Isherwood, W. F., and Raber, E., 1990, |
Report of the Committee to Review the Use of J-13 Well Water in |
Nevada Nuclear Waste Storage Investigations: UCID-21867, Lawrence |
Livermore National Laboratory, Livermore, California.

N I
calculational mode |*normal | economy | super economy|
|
. . I
model type | titration |*closed | open |
|
. .. |
temperature model [*power | fluid mixing |

¢ power model --> temp = tstart + tk1*zi + tk2*zi**2 + tk3*zi**3 |
¢ mixing model --> temp = (tstart * tk1 + zi*tk2) / (zi + tk1) |
C |

tstart(c)] 150.0 |tk1] O. [tk2| 0. |tk3| O. |

|
starting value of zi| 0. |max.value of zi | l.OOIOO |
|

I
starting time (sec) | 0. |max.time (sec) | 6.05000E+06 |
|

max. steps | 200 |max. steps w/o print| I 100 |
|

linear print interval| 1.00000E+38|log print interval | I1.0000 |
|

I
suppress mineral phases |

|
I
phases w/ elements| | In
phases except | | In

|
fixed fugacity phases- species, moles(per kg h20), Iolg fugacity(bars)|
|

none | | In
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| I

c RATE LAWS

c 1 =relative rate = rk1 + rk2*zi + (1/2)rk3*zi*zi

c 2 = transition state theory rate = CHECK DOCUMENTATIONCc 3 = specified rate
c 4 = activity term rate rate = CHECK DOCUMENTATION

c REACTANT TYPES
c mineral solid solution special aqueous gas
c

c SURFACE TYPE
c 0 = fixed surface area 1 = fixed specific surface area
c
c NOTES
c status and jreac are normally not set by the user
|
|
reactants (ss) solid solution only  (sp) special reactant only |
|
|
REACTANT | sanidine-ss |status |0 |
moles remaining | 1.69400E-02 |destroyed| 0. |
reactanttype | solid solution |sk | 16822. |
surfacetype | O |tk | 0.20000
end-member |sanidine high |mole fr | 0.580000 |[ss,n
end-member |albite high |mole fr | 0.410000 |[ss,n
end-member |anorthite |mole fr | 0.100000E-01 |ss,n
volume | Isp
element | |moles | Isp,n
DISSOLUTION LAW | 2 |
rate constant rk1| 2.88000E-16 |csigmal | 1.00000 |
temperature (c) | 150.00 | | 1234
PRECIPITATION LAW| 0 | | |
c I
REACTANT | plagioclase |status | O |
moles remaining | 4.53300E-04 |destroyed| 0. |
reactanttype | solid solution |sk | 432.00 |
surfacetype | O |tk | 0.20000
end-member |albite high |mole fr | 0.760000 |ss,n
end-member |anorthite |mole fr | 0.170000 |ss,n
end-member |sanidine high |mole fr | 0.700000E-01 |ss,n
volume | |sp
element | |moles | |sp,n
DISSOLUTION LAW | 2 |
rate constant rk1| 3.90000E-14 |csigmal | 1.00000 |
temperature (c) | 150.00 | | 1234
PRECIPITATION LAW| 0 | | |
c I
REACTANT | biotite |status | O |
moles remaining | 2.94600E-05 |destroyed| 0. |
reactanttype | solid solution |sk | 40.500 |
surfacetype | O |tk | 0.20000
end-member |phlogopite |mole fr | 0.430000 |ss,n
end-member |annite |mole fr | 0.570000 |ss,n
volume | | | Isp
element | |moles | |sp,n
DISSOLUTION LAW | 2 |
rate constant rk1| 4.09000E-14 |csigmal | 1.00000 |
temperature (c) | 150.00 | | 1234
PRECIPITATION LAW| 0 | | |
c I
REACTANT | cristobalite |status | O |
moles remaining | 6.66300E-02 |destroyed| 0. |
reactanttype | mineral |sk | 16178. |
surfacetype | O |tk | 0.20000 |
end-member | |mole fr | |ss,n
volume | | | Isp
element |moles | |sp,n
DISSOLUTION LAW | 2
rate constant rk1| 3.55000E-13 |csigmal | 1.00000 |
temperature (c) | 150.00 | | 1234
PRECIPITATION LAW| 0 | | |
c I
REACTANT | quartz |status | O |
moles remaining | 3.00300E-02 |destroyed| 0. |
reactanttype | mineral |sk | 6429.0 |
surfacetype | O |tk | 0.20000 |
end-member | |mole fr | |ss,n
volume | | | Isp
element | |moles | |sp,n
DISSOLUTION LAW | 2 |
rate constant rk1| 1.20000E-13 |csigmal | 1.00000 |
temperature (c) | 150.00 | | 1234
PRECIPITATION LAW| 0 | | |
c I
REACTANT | beidellite-mg |status | O |
moles remaining | 3.52200E-04 |destroyed| 0. |
reactanttype | mineral |sk | 432.00 |
surfacetype | O |tk | 0.20000 |
end-member | |mole fr | |ss,n
volume | | | Isp
element | |moles | |sp,n
DISSOLUTION LAW | 2 |
rate constant rk1| 7.50000E-14 |csigmal | 1.00000 |
temperature (c) | 150.00 | | 1234
PRECIPITATION LAW| 0 | | |
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options |

- SOLID SOLUTIONS - |
ignore solid solutions |
* process solid solutions |
- LOADING OF SPECIES INTO MEMORY - |
* don't print |
lists species loaded into memory |
- LIST DERIVATIVES OF BASIS ELEMENTS AT EACH PRINT POINT - |
* don't print |
print |
- LIST ALL SPECIES LOADED INTO MEMORY AND THEIR LOG K VALUES - |
* don't print |
i |

print
- LIST DISTRIBUTION OF AQUEOUS SPECIES AT EACH PRINT POINT - |
* only species > 10**-12 molal |
all species |
don't print |
- LIST CATION/H+ ACTIVITY RATIOS AT EACH PRINT POINT - |
* don't print |
print |
- LIST BULK ELEMENT AND OXIDE COMPOSITION AT EACH PRINT POINT - |
* don't print |
print |
- MINERAL SATURATION STATES - |
* print if affinity > -10 kcals |
print all |
don't print |
- LIST GAS SPECIES SUMMARY AT EACH PRINT POINT - |
don't print
* print |
- PRINT AQUEOUS MASS AND CONCENTRATION TOTALS - |
* don't print |
print |
- TAB FILES - |
* write |
append to previous tabx file |
don't write |
- WRITE PICKUP FILE - |
* write pickup file at end of run |
don't write pickup file |
write pickup file for each print point |
- PHYSICALLY REMOVED SUBSYSTEM - |
* does nothing |
transfer minerals but leave trivial mass in the system |
transfer minerals |
- CLEAR INITIAL PHYSICALLY REMOVED SUBSYSTEM -
* does nothing |
clear p.r.s. before first reaction progress advance |
- PHASE BOUNDARY SEARCH - |
* step size constrained by predicted phase boundaries
phase boundaries estimated from Taylor's series and printed |
locations of phase boundaries ignored |
- AUTO BASIS SWITCHING - |
* off |

on |
- SUPPRESS REDOX REACTIONS - |
* does nothing |
suppress all redox reactions |
- LINEAR OR LOGARITHMIC TAYLOR'S SERIES - |
* linear for kcol = 1,kdim, logarithmic for kcol = 1,kbt |
logarithmic for kcol = 1,kbt |
linear for kcol = 1,kdim |
- AZERO AND HYDRATION NUMBERS - |
* no change |
read in new azero and hydration numbers |
- PRINT MEAN MOLAL ACTIVITY COEFFICIENTS FOR DISSOLVED SPECIES - |
* does nothing |
print |
- PITZER DATABASE INFORMATION - |
* print only warnings
print species in model and number of Pitzer coefficients |
print species in model and names of Pitzer coefficients |
- PRINT DIAGNOSTIC MESSAGES - |
* don't print |
print level 1 messages |
print level 2 messages |
- PRINT PRE-NEWTON-RAPHSON OPTIMIZATION -
* don't print |
print summary information |
print detailed information |
- PRINT STEP SIZE AND ORDER - |
* don't print |
print scale factor |
print orders and step size scaling factors |
- CONTROL STEP SIZE AND ORDER PRINT -
* does nothing |
print step size and order when delzi .le. dlzmx1 |
- NEWTON ITERATIONS - |
* don't print |
print summary of newton iterations
print summary, residual functions and correction terms
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print summary, residual functions, correction terms and matrix |
- PRINT SEARCH ITERATIONS -
* don't print |
print |
- PRINT HPSAT ITERATIONS - |
* don't print |
print |
- PRINT FINITE DIFFERENCE AND DERIVATIVE DATA - |
* don't print |
print computations from RDERIV, and RTAYLR |
print computations from RDERIV, RTAYLR, DERIV and TAYLOR |
- PRINT KINETICS DIAGNOSTIC MESSAGES - |
* don't print |
print level 1 diagnostics |
print level 1 and level 2 diagnostics |
- PRINT AKMATR - |
* don't print |
print level 1 diagnostics |
- KILL ITERATION VARIABLES - |
* does nothing |
allow selection of variables to remove |

development options (used for code development) |
|

|
0 check finite difference and Taylor series expression |
0 check reaction rate finite difference and Taylor series |

|

|
tolerances desired values - defaults info-only |

|

|
number of N-R iterations | | 40 itermx |
p.r.s. transfer interval | | varies dizidp |
residual magnitude | | 1.0e-06 tolbt |
correction magnitude | | 1.0e-06 toldl |
search/find tolerance | | varies tolx |
supersaturation | | varies tolsat |
supersaturation set size | | varies tolsst |
max. size Taylor's series term | | 1.0e-04 screwl |
max. initial value betamx | | nfa  screw2 |
max. Taylor's series term (kin.)| | 1.0e-04 screws3 |
corrector iteration | | 1.0e-04 screw4 |
max. size of N-R correction term| | 4.0 screw5 |
step size (economy mode) | | 4.0 screw6 |
log mass of phases | | varies zklogu |
decrement mass (p.r.s.) | | 2.0 zklogl |
min. left after p.r.s. | | .98 zkfac |
initial step size | | varies dlzmx1 |
upper limit step size | | varies dlzmx2 |
maximum order | | 6 nordim |
num. attempted assemblages | | 25  ntrymx |
slide -> over phase bound. | | 8 npsimx |
slide -> over redox insta. | | 3 nssimx |

fo2 scan control | | none ioscan |

|
|
¢ pickup file written by eq3nr.3245R124 |
¢ supported by eqlib.3245R153 |
EQ3NR input file name= j13wwA.3i
Description= "J-13 well water, six minerals suppressed" |
Version number= 3245 Stage number= 01 |
Created 10/07/90 Creator= T.J. Wolery |
Revised 10/07/90 Revisor= T.J. Wolery |

|
Water from well J-13 at the Nevada Test Site. The composition |
is identical to that in the EQ3NR test case input file j13ww.3i, |
which is based on data reported by Harrer et al. (1990). Water |
from this well is commonly used to represent the groundwater |
at the proposed high-level nuclear waste repository at Yucca |
Mountain, Nevada.

[
Purpose: to initialize the EQ®6 test case input file j13wwtuff.6i, |
in which this water is reacted with devitrified tuff at 150 C. |
Six minerals (quartz, chalcedony, tridymite, pyrophyllite, |
maximum microcline, and illite) are suppressed by means of |
"nxmod" options. These suppressions have no effect on the EQ3NR |
calculation, but will be passed on to j13wwtuff.6i.

References |

|
Harrer, J. E., Carley, J. F., Isherwood, W. F., and Raber, E., 1990, |
Report of the Committee to Review the Use of J-13 Well Waterin |
Nevada Nuclear Waste Storage Investigations: UCID-21867, Lawrence |
Livermore National Laboratory, Livermore, California.

temperature (C) | 25.000 | |

electrical imbalance | 1.0337076859804(:)0E-04 |
number of aqueous master species | 20 : |
position of last pure mineral | 20 : |

position of last solid solution | 20 I |
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suppressed species

(suppress,replace,augmentk,augmentg) value |
|

quartz | mineral | suppress | 0. |
chalcedony | mineral | suppress | 0. |
tridymite | mineral | suppress | 0. |
pyrophyllite | mineral | suppress | 0. |
maximum microcline | mineral | suppress | 0. |
illite | mineral | suppress | 0 |

|

I
iopg options |

- pH SCALE CONVENTION -
* modified NBS
internal
rational
- ACTIVITY COEFFICIENT OPTIONS -
* use B-dot equation
Davies' equation
Pitzer's equations

elements, moles and moles aqueous

o 5.551836199961840E+01]|
al 2.964990139877730E-07|
b 1.238820293745710E-05|
ca | 3.243674834185250E-04|
cl | 2.013950982577130E-04|

f | 1.147465049690440E-04|
fe 7.162425916830720E-07|
h 1.110190413644820E+02|
c 2.300992803062660E-03|
p 1.250271413516930E-06|
k 1.289058603572010E-04|
li | 6.915430053310600E-06|
mg | 8.269903312494529E-05|
mn | 2.184564775711160E-07|
na | 1.992190439490060E-03|

1.416016208645810E-04|
1.014740955623130E-03|
1.915397715787390E-04|

no|
si |
s

|
0.000000000000000E +00|
0.000000000000000E +00|
0.000000000000000E+00|
0.000000000000000E+00|
0.000000000000000E+00|
0.000000000000000E+00|
0.000000000000000E+00|
0.000000000000000E +00|
0.000000000000000E +00|
0.000000000000000E+00]|
0.000000000000000E+00|
0.000000000000000E+00|
0.000000000000000E+00|
0.000000000000000E+00|
0.000000000000000E+00|
0.000000000000000E+00|
0.000000000000000E+00|
0.000000000000000E+00|

sr | 4.565167770059750E-07| 0.000000000000000E+00|
|

master species and logarithmic basis variables |
|

I
h2o |h20 | 1.744358983526980E+00|
al+++ |al+++ -1.383275899671530E+01|
b(oh)3(aq) |b(oh)3(aq) | -4.913862633936950E+00|
ca++ |ca++ | -3.504903822371900E+00|
cl- |cl- | -3.696120636719600E+00|
f- f- | -3.941485472985450E+00|
fe++ |fe++ | -8.888814115003070E+00|
h+ |h+ | -7.383942469297290E+00|
hco3- |[hco3- | -2.675035300487840E+00|
hpo4-- |hpo4-- | -6.130061794813430E+00|
k+ |k+ | -3.890196267622590E+00|
li+ i+ | -5.160545117562320E+00|
mg++ |mg++ | -4.104202819072200E+00|
mn++ |mn++ | -6.703675982538540E+00|
na+ |na+ | -2.702322462152460E+00|
no3- no3- | -3.248461742585990E+01|
sio2(aq) |sio2(aq) | -2.995123543135660E+00|
S04-- |so4-- | -3.738021083883070E+00|
Sr++ |sr++ | -6.350665039491930E+00|
02(g) |02(g) | -3.047514072674510E+01|

|

I

physically removed subsystem (solid solution, mineral, moles) |
|

I

none | | |
|
I

The EQ6input file (j13wwst.6i), groundwater-spent nuclear fuel reaction (“W” format)

EQ6 input file name= j13wwsf.6i

Description= "Reaction of J-13 well water with spent nuclear fuel"
Version number= 3245 Stage number= 01

Created 10/29/90 Creator= T.J. Wolery

Revised 10/29/90 Revisor= T.J. Wolery

React spent nuclear fuel with J-13 well water. The O2 and CO2
fugacities are fixed at atmospheric values. The spent nuclear
fuel is treated as a special reactant. One "mole" is equivalent
to 100 grams. The spent fuel composition corresponds to average
PWR spent fuel with burnup of 33,000 MWd/MTIHM at 1,000 years
This was computed by Henry Shaw (LLNL, 1/12/89) as a correction to
the data published in Table 2 of Bruton and Shaw (1988).

Purpose: to test the ability of the code to model reaction in a
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very complex system, whose components exhibit a variety of chemical
behaviors. Results may be roughly compared with those reported by
Bruton and Shaw (1988).

References

Bruton, C. J., and Shaw, H. F., 1988, Geochemical simulation of
reaction between spent fuel waste form and J-13 water at 25 C
and 90 C: In Apted, M. J., and Westerman, R. E., editors,
Scientific Basis for Nuclear Waste Management XI, Materials
Research Society Symposium Proceedings, v. 112, Materials
Research Society, Pittsburgh, Pennsylvania, p. 485-494.

endit.
nmodll= 2 nmodi2= 0
tempcO= 2.50000E+01 jtemp= 0
tk1= 0.00000E+00 tk2=0.00000E+00 tk3= 0.00000E+00
zistrt= 0.00000E+00 zimax= 1.00000E+00
tstrt= 0.00000E+00 timemx= 1.00000E+38
kstpmx= 10 cplim= 0.00000E+00
dzprnt= 1.00000E-01 dzprlg= 1.00000E+38 ksppmx= 100
dzplot= 1.00000E+38 dzpllg= 1.00000E+38 ksplmx= 10000

ifile= 60
* 1 2 3 45 6 7 8 910
ioptl-10= 0 0 0 0 0 0 O O O O
11-20= 0 0 0 0 O O O O O O
jopr1-10= 0 0 0 0 0 O O 1 O O
iopr11-20= 0 0 0 0 0 O O O O O
jodb1-10= 0 0 0 0 0 O O O O O

11-20= 0 0 0 0 0O O O O O O
* nxopt = number of mineral subset-selection suppression options
* nxopex = number of exceptions

nxopt= 0
* nffg = number of gas species with fixed fugacities
nffg= 2
species= 02(g) moffg= 5.00000E-01 xIkffg=-0.70000E+00
species= co2(g) moffg= 5.00000E-01 xlkffg= -3.50000E+00
* nrct = number of reactants
nrct= 1

*

reactant= spent fuel

jcode= 2 jreac= 0
morr= 1.00000E+00 modr= 0.00000E+00
vreac= 0.00000E+00

c 1.3122e-03

ca 4.2800e-09

ni 2.0940e-02

se 2.4150e-05

tc 7.7500e-04

sn 3.1736e-03

i 1.5000e-04

cs 1.1400e-03

pb 1.8300e-11

ra 1.4000e-09

th 3.7100e-07

u 4.0543e-01

np 5.9800e-04

pu 3.1420e-03

am 1.4020e-04

o 8.5186e-01

endit.
nsk= 0 sk=0.00000E+00 fk=0.00000E+00
nrk= 1 nrpk= 0

rk1= 1.00000E+00 rk2= 0.00000E+00 rk3= 0.00000E+00

dizidp= 0.00000E+00

tolbt= 0.00000E+00 toldl= 0.00000E+00  tolx= 0.00000E+00
tolsat= 0.00000E+00 tolsst= 0.00000E+00

screwl= 0.00000E+00 screw2= 0.00000E+00 screw3= 0.00000E+00
screw4= 0.00000E+00 screw5= 0.00000E+00 screw6= 0.00000E+00

zklogu= 0.000 zklogl= 0.000 zkfac= 0.000
dizmx1= 0.00000E+00 dlzmx2= 0.00000E+00 nordim= 0
itermx= 0 ntrymx= 0

npsimx= 0 nssimx= 0 ioscan= 0

*

* pickup file written by eq3nr.3245R124x

* supported by eqlib.3245R153

EQ3NR input file name= j13wwsf.3i

Description="J-13 well water, with traces of spent fuel components"
Version number= 3245 Stage number= 01

Created 10/29/90 Creator=T.J. Wolery

Revised 11/30/90 Revisor=T.J. Wolery

Water from well J-13 at the Nevada Test Site, spiked with
trace amounts of spent nuclear fuel components. The composition
is otherwise identical to that in the EQ3NR test case input file
j13ww.3i, which is based on data reported by Harrer et al. (1990).
Water from this well is commonly used to represent the groundwater
at the proposed high-level nuclear waste repository at Yucca
Mountain, Nevada.

Purpose: to initialize the EQ6 test case input file j13wwsf.6i,
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which simulates the interaction of J-13 well water with spent
nuclear fuel. This test case also tests the ability of EQ3NR to
handle a system containing many components.

References

Harrer, J. E., Carley, J. F., Isherwood, W. F., and Raber, E., 1990,
Report of the Committee to Review the Use of J-13 Well Water in
Nevada Nuclear Waste Storage Investigations: UCID-21867, Lawrence
Livermore National Laboratory, Livermore, California.

endit.

tempci= 0.25000E+02

nxmod= 0

iopgl= 0 iopg2= 0 iopg3= 0

iopgd= 0 iopgs= 0 iopg6= 0

iopg7= 0 iopg8= 0 iopg9= 0
iopgl0= 0

ket= 33 ksg= 34 kmt= 34

kxt= 34 kdim= 34 kprs= 0
o 0.555183619996426E+02
al 0.296499013903087E-06
am 0.100000000074117E-11
b 0.123882029374860E-04
ca 0.324367483413227E-03
cl 0.201395098257697E-03
cs 0.100000000000002E-11
cu 0.100000000033842E-11
f 0.114746504968947E-03
fe 0.716242591559603E-06
h 0.111019041364491E+03
c 0.230099280303300E-02
p 0.125027141331246E-05
i 0.100000000000001E-11
k 0.128905860357153E-03
li 0.691543005330863E-05
mg 0.826990331229586E-04
mn 0.218456477562591E-06
na 0.199219043948851E-02
ni 0.100000000001087E-11
n 0.141601620819403E-03
np 0.100000000116054E-11
pb 0.100000000000221E-11
pu 0.100000000111923E-11
ra 0.100000000000000E-11
se 0.100000000013940E-11
si 0.101474095562361E-02
sn 0.100000000029450E-11
S 0.191539771573646E-03
sr 0.456516776999134E-06
tc 0.100000000000000E-11
th 0.100000000131883E-11
u 0.999999999854155E-12
electr 0.103370774446833E-03
h2o h2o 0.174435898352698E+01
al+++ al+++ -0.138327589966763E+02
am-+++ am+++ -0.145308311774254E+02
b(oh)3(aq) b(oh)3(aq) -0.491386263393704E+01
ca++ cat++ -0.350490382233382E+01
cl- cl- -0.369612063672929E+01
cs+ cs+ -0.120000558761336E+02
cu++ cu++ -0.132790717879252E+02
f- f- -0.394148547301295E+01
fe++ fe++ -0.888881411498135E+01
h+ h+ -0.738394246929239E+01
hco3- hco3- -0.267503530128449E+01
hpo4-- hpo4-- -0.613006186896716E+01
i- i- -0.120000230937543E+02
k+ k+ -0.389019626762229E+01
li+ li+ -0.516054511756228E+01
mg++ mg++ -0.410420281902607E+01
mn++ mn++ -0.670367598236572E+01
na+ na+ -0.270232246214992E+01
ni++ ni++ -0.120063306585993E+02
no3- no3- -0.324846174258542E+02
np++++ np++++ -0.361319387966242E+02
pb++ pb++ -0.120023581739487E+02
put+++ pu++++ -0.336651221721892E+02
ra++ ra++ -0.120000000000000E+02
seo03-- se03-- -0.122103640108786E+02
sio2(aq) sio2(aq) -0.299512354313568E+01
sn++ sn++ -0.485760129923613E+02
S04-- so04-- -0.373802108391864E+01
Sr++ Sr++ -0.635066503948517E+01
tco4- tco4- -0.120000000000000E+02
th++++ th++++ -0.253326654106689E+02
uo2++ uo2++ -0.178344803749574E+02
02(9) 02(9) -0.304751407267449E+02
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The EQ6input file (j13wwsf.6i), groundwater-spent nuclear fuel reaction (“D” format)

EQ6 input file name= j13wwsf.6i |
Description= "Reaction of J-13 well water with spent nuclear fuel" |
Version number= 3245 Stage number= 01

Created 10/29/90 Creator= T.J. Wolery |
Revised 10/29/90 Revisor= T.J. Wolery |

React spent nuclear fuel with J-13 well water. The O2 and CO2 |
fugacities are fixed at atmospheric values. The spent nuclear |
fuel is treated as a special reactant. One "mole" is equivalent |
to 100 grams. The spent fuel composition corresponds to average |
PWR spent fuel with burnup of 33,000 MWd/MTIHM at 1,000 years |
This was computed by Henry Shaw (LLNL, 1/12/89) as a correctionto |
the data published in Table 2 of Bruton and Shaw (1988). |

Purpose: to test the ability of the code to model reactionina |
very complex system, whose components exhibit a variety of chemical |
behaviors. Results may be roughly compared with those reported by |
Bruton and Shaw (1988).
|

References |

Bruton, C. J., and Shaw, H. F., 1988, Geochemical simulation of |
reaction between spent fuel waste form and J-13 water at 25 C |
and 90 C: In Apted, M. J., and Westerman, R. E., editors, |
Scientific Basis for Nuclear Waste Management XI, Materials |
Research Society Symposium Proceedings, v. 112, Materials |
Research Society, Pittsburgh, Pennsylvania, p. 485-494. |

|

|
calculational mode |*normal | economy | super economy|
|
|
model type | titration |*closed | open |
|
|
temperature model |*power | fluid mixing |

|
c power model --> temp = tstart + tk1*zi + tk2*zi**2 + tk3*zi**3 |
¢ mixing model --> temp = (tstart * tk1 + zi*tk2) / (zi + tk1) |
C |

I
tstart(c)] 25.00 |tk1] O. [tk2| O. |tk3] O. |
|

|
starting value of zi| 0. |max.value ofzi | 1.0000 |
|

|
starting time (sec) | 0. |max.time (sec) |1.00000E+38 |
|

|
max. steps | 10 |max. steps w/o print| 100 |
|

|
linear print interval| 0.10000 |log printinterval | 1.00000E+38 |
|

) |
suppress mineral phases |

|

|
phases w/ elements]| | In
phases except | | In

|

fixed fugacity phases- species, moles(per kg h20), Iolg fugacity(bars)|
|

|

02(g) | 0.50000 |-0.70000 n
co2(g) | 0.50000  ]-3.5000  |n
|
c RATE LAWS I
c 1 =relative rate = rk1 + rk2*zi + (1/2)rk3*zi*zi

¢ 2 = transition state theory rate = CHECK DOCUMENTATIONCc 3 = specified rate
¢ 4 = activity term rate rate = CHECK DOCUMENTATION

c REACTANT TYPES

c mineral  solid solution  special aqueous gas

c

c SURFACE TYPE

¢ 0 = fixed surface area 1 = fixed specific surface area
c

c NOTES

c status and jreac are normally not set by the user
|

| .
| reactants (ss) solid solution only  (sp) special reactant only |
|

|
| REACTANT | spent fuel |status | O |

- 300 -



moles remaining | 1.0000 |destroyed| 0. |
0

reactant type | special |sk . |

surfacetype | O |tk | 1.0000 |

end-member | |mole fr | |ss,n

volume 0. | | |sp

element c |moles | 1.312200000000000E-03|sp,n

element ca |moles | 4.280000000000000E-09|sp,n
element ni |moles | 2.094000000000000E-02|sp,n

element se |moles | 2.415000000000000E-05|sp,n
element tc |moles | 7.750000000000000E-04|sp,n

element sn |moles | 3.173600000000000E-03|sp,n
element i |moles | 1.500000000000000E-04|sp,n

element cs Imoles | 1.140000000000000E-03|sp,n
element pb Jmoles | 1.830000000000000E-11|sp,n
element ra |moles | 1.400000000000000E-09|sp,n
element th |moles | 3.710000000000000E-07|sp,n
element u |moles | 4.054300000000000E-01|sp,n
element np Imoles | 5.980000000000000E-04|sp,n
element pu |moles | 3.142000000000000E-03|sp,n
element am |moles | 1.402000000000000E-04|sp,n
element o] |moles | 8.518600000000000E-01|sp,n
DISSOLUTION LAW | 1 |

rate constant rk1| 1.0000 |csigmal | |

rate constant rk2| 0. |csigma2 | |

rate constantrk3] 0 |csigma3 | |

PRECIPITATION LAW| 0 | | |

options |

- SOLID SOLUTIONS - |
* ignore solid solutions |
process solid solutions |
- LOADING OF SPECIES INTO MEMORY - |
* don't print |
lists species loaded into memory |
- LIST DERIVATIVES OF BASIS ELEMENTS AT EACH PRINT POINT - |
* don't print |
print |
- LIST ALL SPECIES LOADED INTO MEMORY AND THEIR LOG K VALUES -
* don't print |
i |

print
- LIST DISTRIBUTION OF AQUEOUS SPECIES AT EACH PRINT POINT -
* only species > 10**-12 molal |
all species |
don't print |
- LIST CATION/H+ ACTIVITY RATIOS AT EACH PRINT POINT - |
* don't print
print |
- LIST BULK ELEMENT AND OXIDE COMPOSITION AT EACH PRINT POINT -
* don't print |
print |
- MINERAL SATURATION STATES - |
* print if affinity > -10 kcals |
print all |
don't print |
- LIST GAS SPECIES SUMMARY AT EACH PRINT POINT - |
don't print
* print |
- PRINT AQUEOUS MASS AND CONCENTRATION TOTALS - |
* don't print |
print |
-TAB FILES - |
* write |
append to previous tabx file |
don't write |
- WRITE PICKUP FILE - |
* write pickup file at end of run |
don't write pickup file |
write pickup file for each print point |
- PHYSICALLY REMOVED SUBSYSTEM - |
* does nothing |
transfer minerals but leave trivial mass in the system |
transfer minerals |
- CLEAR INITIAL PHYSICALLY REMOVED SUBSYSTEM -
* does nothing |
clear p.r.s. before first reaction progress advance |
- PHASE BOUNDARY SEARCH - |
* step size constrained by predicted phase boundaries
phase boundaries estimated from Taylor's series and printed |
locations of phase boundaries ignored
- AUTO BASIS SWITCHING - |
* off |

on |
- SUPPRESS REDOX REACTIONS - |
* does nothing |
suppress all redox reactions |
- LINEAR OR LOGARITHMIC TAYLOR'S SERIES - |
* linear for kcol = 1,kdim, logarithmic for kcol = 1,kbt |
logarithmic for kcol = 1,kbt |
linear for kcol = 1,kdim |
- AZERO AND HYDRATION NUMBERS - |
* no change
read in new azero and hydration numbers |
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* does nothing |
print |
- PITZER DATABASE INFORMATION - |
* print only warnings
print species in model and number of Pitzer coefficients |
print species in model and names of Pitzer coefficients |
- PRINT DIAGNOSTIC MESSAGES -
* don't print |
print level 1 messages |
print level 2 messages |
- PRINT PRE-NEWTON-RAPHSON OPTIMIZATION -
* don't print |
print summary information |
print detailed information |
- PRINT STEP SIZE AND ORDER - |
* don't print |
print scale factor
print orders and step size scaling factors |
- CONTROL STEP SIZE AND ORDER PRINT -
* does nothing |
print step size and order when delzi .le. dlzmx1 |
- NEWTON ITERATIONS - |
* don't print |
print summary of newton iterations |
print summary, residual functions and correction terms |
print summary, residual functions, correction terms and matrix |
- PRINT SEARCH ITERATIONS -
* don't print |
print |
- PRINT HPSAT ITERATIONS - |
* don't print |
print |
- PRINT FINITE DIFFERENCE AND DERIVATIVE DATA - |
* don't print |
print computations from RDERIV, and RTAYLR |
print computations from RDERIV, RTAYLR, DERIV and TAYLOR |
- PRINT KINETICS DIAGNOSTIC MESSAGES -
* don't print |
print level 1 diagnostics |
print level 1 and level 2 diagnostics |
- PRINT AKMATR - |
* don't print |
print level 1 diagnostics |
- KILL ITERATION VARIABLES - |
* does nothing |
allow selection of variables to remove |

development options (used for code development) |
|

|
0 check finite difference and Taylor series expression |
0 check reaction rate finite difference and Taylor series |
|

|
tolerances desired values - defaults info-only |

|

|
number of N-R iterations | | 40 itermx |
p.r.s. transfer interval | | varies dizidp |
residual magnitude | | 1.0e-06 tolbt |
correction magnitude | | 1.0e-06 toldl |
search/find tolerance | | varies tolx |
supersaturation | varies tolsat |
supersaturation set size | | varies tolsst |
max. size Taylor's series term | | 1.0e-04 screwl |
max. initial value betamx | | nfa  screw2 |
max. Taylor's series term (kin.)| | 1.0e-04 screw3 |
corrector iteration | | 1.0e-04 screw4 |
max. size of N-R correction term| | 4.0 screw5 |
step size (economy mode) | | 4.0 screw6 |
log mass of phases | | varies zklogu |
decrement mass (p.r.s.) | | 2.0 zklogl |
min. left after p.r.s. | | .98 zkfac |
initial step size | | varies dlzmx1 |
upper limit step size | | varies dlzmx2 |
maximum order | | 6 nordim |
num. attempted assemblages | | 25  ntrymx |
slide -> over phase bound. | | 8 npsimx |
slide -> over redox insta. | | 3 nssimx |

fo2 scan control | | none ioscan |
|
|
c¢ pickup file written by eq3nr.3245R124 |
¢ supported by eqlib.3245R153 |
EQ3NR input file name= j13wwsf.3i |
Description= "J-13 well water, with traces of spent fuel components" |
Version number= 3245 Stage number= 01
Created 10/29/90 Creator= T.J. Wolery |
Revised 11/30/90 Revisor= T.J. Wolery |

Water from well J-13 at the Nevada Test Site, spiked with |
trace amounts of spent nuclear fuel components. The composition |
is otherwise identical to that in the EQ3NR test case input file |
j13ww.3i, which is based on data reported by Harrer et al. (1990). |
Water from this well is commonly used to represent the groundwater |
at the proposed high-level nuclear waste repository at Yucca |
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Mountain, Nevada. |

Purpose: to initialize the EQ6 test case input file j13wwsf.6i, |
\which simulates the interaction of J-13 well water with spent |
nuclear fuel. This test case also tests the ability of EQ3NR to |
handle a system containing many components. |

References

|
Harrer, J. E., Carley, J. F., Isherwood, W. F., and Raber, E., 1990, |
Report of the Committee to Review the Use of J-13 Well Water in |
Nevada Nuclear Waste Storage Investigations: UCID-21867, Lawrence |
Livermore National Laboratory, Livermore,

California.

temperature (C) | 25.000

electrical imbalance

|

| 1.033707744468330E-04 |
|

34 : |

number of aqueous master species |
|
I
position of last pure mineral | 34
|
I
position of last solid solution | 34

I
suppressed species  (suppress,replace,augmentk,augmentg) value |
|

none |

iopg options

- pH SCALE CONVENTION -
* modified NBS
internal
rational
- ACTIVITY COEFFICIENT OPTIONS -
* use B-dot equation
Davies' equation
Pitzer's equations

elements, moles and moles aqueous

o
al |

| 5.551836199964260E+01|
2.964990139030870E-07|

am | 1.000000000741170E-12|
b | 1.238820293748600E-05|
ca | 3.243674834132270E-04|
cl | 2.013950982576970E-04|
cs | 1.000000000000020E-12|
cu | 1.000000000338420E-12]|
f | 1.147465049689470E-04|
fe | 7.162425915596031E-07|
h | 1.110190413644910E+02|
c | 2.300992803033000E-03|
p | 1.250271413312460E-06|
i | 1.000000000000010E-12|

k | 1.289058603571530E-04|
li ] 6.915430053308630E-06|
mg | 8.269903312295860E-05|
mn | 2.184564775625910E-07|
na | 1.992190439488510E-03|
ni 1.000000000010870E-12|
n |  1.416016208194030E-04|
np | 1.000000001160540E-12]|
pb | 1.000000000002210E-12]|
pu | 1.000000001119230E-12]|

1.000000000000000E-12|
1.000000000139400E-12|
1.014740955623610E-03|
1.000000000294500E-12|
1.915397715736460E-04|
4.565167769991340E-07|
1.000000000000000E-12|
1.000000001318830E-12|

[
|
tc |
|
| 9.999999998541551E-13|

|
|
0.000000000000000E+00|
0.000000000000000E+00|
0.000000000000000E+00|
0.000000000000000E+00|
0.000000000000000E+00|
0.000000000000000E+00|
0.000000000000000E+00|
0.000000000000000E+00|
0.000000000000000E+00|
0.000000000000000E+00|
0.000000000000000E+00|
0.000000000000000E+00|
0.000000000000000E+00|
0.000000000000000E+00|
0.000000000000000E+00|
0.000000000000000E+00|
0.000000000000000E+00|
0.000000000000000E+00|
0.000000000000000E+00|
0.000000000000000E+00|
0.000000000000000E+00|
0.000000000000000E+00|
0.000000000000000E+00|
0.000000000000000E+00|
0.000000000000000E+00|
0.000000000000000E+00|
0.000000000000000E+00|
0.000000000000000E+00|
0.000000000000000E+00|
0.000000000000000E+00|
0.000000000000000E+00|
0.000000000000000E+00|
0.000000|000000000E+00|

master species and logarithmic basis variables |

|
| 1.744358983526980E+00]

h2o |h20

al+++ |al+++ | -1.383275899667630E+01|
am+++ lam+++ | -1.453083117742540E+01|
b(oh)3(aq) |b(oh)3(aq) | -4.913862633937040E+00|
cat+ |cat++ | -3.504903822333820E+00|
cl- |cl- | -3.696120636729290E+00|

cs+ |cs+ | -1.200005587613360E+01|
cu++ |cu++ | -1.327907178792520E+01|

f- |f- | -3.941485473012950E+00|

fe++ |fe++ | -8.888814114981351E+00|

h+ |h+ | -7.383942469292390E+00|
hco3- |hco3- | -2.675035301284490E+00|
hpo4-- |hpo4-- -6.130061868967160E+00|

i- i- | -1.200002309375430E+01|

k+ |k+ | -3.890196267622290E+00|
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li+ Jli+ | -5.160545117562280E+00|
mg-++ Img++ | -4.104202819026070E+00|
mn++ |mn++ | -6.703675982365720E+00|
na+ Ina+ | -2.702322462149920E+00|
ni++ [ni++ | -1.200633065859930E+01|
no3- Ino3- | -3.248461742585420E+01|
np++++ Inp++++ | -3.613193879662420E+01|
pb++ |pb++ | -1.200235817394870E+01|
pu++++ |pu++++ | -3.366512217218920E+01|
ra++ [ra++ | -1.200000000000000E+01|
se03-- |seo03-- | -1.221036401087860E+01|
sio2(aq) |sio2(aq) | -2.995123543135680E+00|
sn++ |sn++ | -4.857601299236130E+01|
s04-- |so4-- | -3.738021083918640E+00|
Sr++ |sr++ | -6.350665039485170E+00|
tco4- [tco4- | -1.200000000000000E+01|
th++++ [th++++ | -2.533266541066890E+01|
uo2++ luo2++ | -1.783448037495740E+01|
02(g) |02(g) | -3.047514072674490E+01|

|

|
physically removed subsystem (solid solution, mineral, moles) |

|

|
none | | |

|

|

The EQ6input file (pquartzA.6i), precipitation of quartz (“W” format)

EQ6 input file name= pquartzA.6i

Description= "Precipitate quartz using Knauss and Wolery rate law"
Version number= 3245 Stage number= 01

Created 10/31/90 Creator=T.J. Wolery

Revised 10/31/90 Revisor=T.J. Wolery

Precipitate quartz from supersaturated solution at 105 C, using
the rate law of Knauss and Wolery (1988). This is adapted from test
problem 1 of Delany, Puigdomenech, and Wolery (1986, p. 19-21, 31-33),
which simulates an experiment (Run 2E) reported by Rimstidt and Barnes
(1980, p. 1687-1688, Figure 2). Another EQ6 test case input file,
pquartz.6i, runs the same problem, but uses the Rimstidt and Barnes
rate model.

Purpose: to test the kinetics mode of EQ6 in the case of a rate
law that depends on pH, and to illustrate the extrapolation of rate
constants to different temperatures using activation energies.
Results may be compared with Figure 2 of Rimstidt and Barnes (1980)
and Figure 1 of Delany, Puigdomenech, and Wolery (1986). They do not
match. See the warning below.

The precipitation rate law is expressed in terms of a reversal of
the net rate form for dissolution, as the precipitation rate law code
"nprk" is set to -1. Thus, the specified rate constant is k(+)

(the dissolution rate constant) instead of k(-) (the precipitation

rate constant). Note that this is a two-term rate law, requiring

two rate constants. The second term depends on pH. The rate constants
pertain to 70 C and are extrapolated to 105 C using the activation
energy formalism. In addition to activation energies, activation
enthalpies are entered on the "W" format version of this input

file. They are not used, as the "iact" flags are set to 0 (use

activation energy) instead of 1 (use activation enthalpy). The data

are taken from Table 5 of Knauss and Wolery (1988).

Warning- the second term of the two-term rate model improperly
extrapolates to the case of precipitation. It accelerates the
precipitation rate at low to moderate pH. The computed results are
not in accord with the modeled experiment. A much better match
can be obtained by simply by dropping the second term.

The option switch iopt11 is set to 1 to indicate that this problem
has no redox aspect.

Note that the silica polymorphs tridymite, chalcedony, sio2(am),
and cristobalite have been suppressed by means of "nxmod" options.
These were set on